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ABSTRACT 


The theory of acoustic plane waves Incident on an oblique clamped 
panel a rectangular duct is developed from basic theoretical concepts. 
The coupling theory between the elastic vibrations of the panel (plate) 
and the oblique incident acoustic plane wave in infinite space is 
considered in detail, and is used for the oblique clamped panel in the 
rectangular duct. The partial differential equation which governs the 
vibrations of the clamped panel (plate) is modified by adding to it 
stiffness (spring) forces and damping forces. The Transmission Loss 
coefficient and the Noise Reduction coefficient for oblique incidence 
are defined and derived in detail. The resonance frequencies excited 
by the free vibrations of the oblique finite clamped panel (plate) 
are derived and calculated in detail for the present case. 

The detailed features and the oscillatory trends of the experi- 
mental Noise Reduction coefficient curves for oblique aluminum panels 
of angles S ■ 15°, 30°, 40°, 60° in the square duct are explained in 
detail, based on the theory presented in this report. All the fre- 
quency positions of the downward and upward resonance spikes in the 
experimental data are identified theoretically as resulting from four 
major resonance phenomena: The cavity resonance, the acoustic resonance, 

the wooden back panel resonance and the plate resonance. Detailed 
tables are given for the values of these resonance frequencies in 
each case. 
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INTRODUCTION 

The acoustic research project started on April 15, 1976, when 
the Flight Research Laboratory of the University of Kansas began 
work under a grant from NASA, Langley Research Center, entitled, "A 
Research Program to Reduce Interior Noise in General Aviation Airplanes" 
(NASA Grant No. 1301). Over the past four years a research facility 
has been established, in the form of a Beranek tube and additional 
equipment, and a large volume of experimental data has been published. 

In a previous report by the present author, listed in the 
Bibliography, a theory has been presented which explains reasonably 
well the detailed features of the experimental noise reduction curves 
for normal Incidence of acoustic plane waves on a clamped panel in a 
rectangular duct (the Beranek tube). Such detailed features Include 
the general behavior of the noise reduction curve in all its parts, 
as well as the frequencies of the numerous resonance spikes, which 
are superimposed on the curve both upward and downward. 

This theory has been based on the interaction between two general 
fields of study: the theory of acoustic wave propagation in infinite 

space and in ducts, and the dynamic theory of plates and the theory 
of elasticity. Since the vibrations in the panel (plate) and the 
acoustic waves in the air are coupled strongly along the whole panel, 
and are affecting each other noticeably, the interaction between these 
two systems play a major role in this theory. When one sends an 
incident acoustic wave in the direction of the panel, this wave will 
be reflected from the panel. At the same time it will set the panel 


into notion of vibrations, which will ganarata transmitted acoustic 
wavas on tha othar sida of tha panal. The ' incident , reflected and 
transmitted acoustic waves will be coupled strongly together with the 
.induced transverse displacement of the panel. Because of the experimental 
set up in the Beranak tube, the acoustic wave propagates in a duct 
with a square cross-section. Higher order acoustic wave : nodes of 
propagation in the square duct, as well as the fundamental mode of 
plane acoustic wave, have been taken into account, in order to 
explain the experimental results of resonance at certain particular 
frequencies. 

The previous report has developed the theoretical derivations 
from the basic equations. The theory presented in the previous 
raport has successfully explained the detailed features of the noise 
reduction curves for one particular aluminum panel, which has been 
taken as a typical example. One of the most challenging aspects of 
that theory, which has been met successfully, has been to avoid 
lengthy numerical analysis, in order not to mask the main features 
of the interaction between the different physical phenomena. All 
the calculations in that report have been done on a simple hand 
calculator. 

The present report should be considered as a sequel to the previous 
report by the present author, but it is independent of the previous 
report in its presentation. The theory of oblique acoustic wave 
incident of an infinite panel (plate) and a clamped panel will be 
developed from the basic equations. Some of the general features of 


the corresponding experimental noise reduction curves, given et ehe end 
of this report, will be discussed by using the present theory. As in 
the previous report, ell the calculations in the present report have 
been done on a simple hand calculator. 

The Meter, Kilogram, Second system of units is being used 
throughout this report, except at some places where the experimental 
data is given otherwise. The factor e~ iuC is used for harmonic time 
variation. 

In this report the following vector identities will be used, where 

a , a , a are the unit vectors in rectangular coordinates: 

* / * 


7p . (i J.+ ; JL + ; -L) p . j IE + ; l£ + ; i£ 

P ' x 3x y ay s 3z' P x Jx y 3y *z 3z 


- a - a - a - 3u x 3u v 3u * 
’ • “ • <S "k * *y ^ + *. • “ * IT + if * IT 


au 3u _ au au 
* S “ : x ( ir ‘ if* + l y ( lf • lx 


au au 


:) + ; (— X *) 

' V ax ay ' 


7 p ■ 7 . 7p 


2 2 2 
ax 2 3y 2 3s 2 


7 x 7p ■ 0 


7 • 7x u ■ 0 


7 x (7 x u) - 7(7 • 5) - 7 2 u 
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CHAPTER IT 


OBLIQUE ACOOSTIC PLANE WAVES 

The acoustic w«v« motion, wh*n eh* wav* amplitude ia small, cm 
ba described by th* following varying quantities: 

2 

P • p(x, y, z, t) ■ acoustic or sound pressure (N/m ) 

u • u(x, y, z, t) ■ velocley vector of the air (m/sec) 

In order to relate these varying quMtities for the acoustic wav* motion, 
one requires one scalar equation and on* vector equation. 

From the equation of continuity one obtains: 

<|J - -7 • 5 (1) 

which states that the velocity gradient produces a compression of th* 
air, where the only forces Involved are of compressive elasticity, 
measured by th* compressibility *. Since in the case of the acoustic 
wave motion there is zero heat conduction in the air, one should use 
the adiabatic compressibility given as follows for perfect diatomic 
gas, such as air: 

11 2 3 

K " yP " I~4P “ compressibility (m /N) or (m / J) 

where P is the equilibrium pressure of the air. 
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Prom eho equation of wave motion on* obtaina: 


p • -?P (2) 

which states that a pressure gradient produces an acceleration of the 
air, where p is the equilibrium density of the air. 

Taking the divergence on both sides of (2) and substituting 
(1) one obtains: 

^ " "7 A “ 0 (3) 

c at 


where 


c 



acoustic velocity of wave (m/s) 


Taking the gradient on both sides of (1) and substituting (2), using 
7 x u ■ 0, one obtains: 


. 2 - i 

c at 


(4) 


Assuming harmonic time variation e~ i<i>C , where u is the circular 
wave frequency, one may write the basic quantities of the oblique 
acoustic plane wave by using the phasor convention as follows: 


p(x,y,z,t) 


h. Ji p. 1<E ' ; 


(5a) 


u(x,y,z,t) 


Re*T Ue l< * * " "t) 


(5b) 
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where P and U are complex cons cane quantities, and one has: 


k «* k a + k a + k a ■ propagaclon vector (constant) (6a) 
xxyyzz 


r ■ x a + y a + z a • position vector 
x y z 


k • r«kx+ky+ki 
x y' z 


Omitting the convention Re\/2 from (5) , one may find from (5) and (6) : 


1 ? ■ - 1 *® 


Vp ■ (ik a + ik a + ik a )p ■ ikp 
r x x y y z z' v v 


7 • u * (ik u + ik u + ik u ) » ik • u 
xx y y z z 


where the operator 7 — ik when it operates on an oblique acoustic 
plane wave given in (5) . 

Substituting (7) in (1) and (2) one obtains: 


-iutcp * -ik • u 


-itupu ■ -ikp 


Taking the dot product of both sides of (8b) with the propagation 
vector k and substituting (8a) one obtains: 





k 2 - 2 . 2 - |2| 2 - k 2 + k 2 + k 2 
11 x y z 


2 

U PK 


( f ) 2 - (~) 2 ( 9 ) 

C A 


where (9) gives the magnitude of the propagation vector k, The direction 
of the propagation vector 2 is given in (5) in the direction of the 
propagation of the oblique acouscic plane wave, and it is perpendicular 
to the planes of constant phase of the oblique acoustic plane wave. 

From (8b) one finds that the velocity vector u of the oblique acoustic 
wave is in the direction of the propagation vector k and the direction 
of propagation of the wave; this direction is usually called the 
longitudinal direction L, and the corresponding unit vector is denoted 
by 


£ • |k| \ " k V l\l • 1 


( 10 ) 


where k is the propagation vector and k » Ikl * — ■ 2ir/X is the wave 

c 

number, X being the wavelength. Using (10) in (8b) one obtains: 


- kp k - 
u ■ * — p » 

up up L 


Vl 


(ID 


From (9) and (11) one has: 


"L k 



_1_ 

KC 


pc * Z 


( 12 ) 


where Z is the characteristic acoustic wave impedance in infinite 
3 2 

medium in (Nsec/m ) or (Kg/m sec) . An identical result is obtained 
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by substituting (10) and (11) in (8a). From the above discussion one 
may rewrite the oblique acoustic plane wave In (5) in the form: 






K 

I 

l 

l 

l 

l 

l 

l 

l 

l 

l 

l 

I 

I 

l 

I 


p(x,y,z,t) 


p e i(k • r - w t) 


(13a) 


u(x,y,z,t) 



r - u t) 


JL P - Kk • r - ut) (13b) 

pck * e 


where the convention terms Re/? have been omitted, and (13) represents 
a longitudinal wave. 

Let the boundary between two acoustic media, medium 1 and medium 2, 
be given by z ■ 0, as in Figure 1. Let the incident oblique acoustic 
wave be propagating in medium 1 and be given from (13) by: 

P 1 (x,y,z,t) - P x e i(£ I * r " ut) (14a) 

u^x.y.z.t) - ^ a^ e 1(£ I * r " wt> (14b) 

The reflected wave from the boundary z ■ 0 into medium 1 will be 
given by: 


P r (x,y,z,t) - P R e i( *R * r “ ut) (15a) 

P _ 

u r (x,y,z,t) - ~ a LR e i(S R * r " ut> (15b) 

The transmitted wave into medium 2 will be given by: 


i 
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r - u t) 


(16a) 


P t (x,y,z,t) ■ P T e i( *T * 

u fc (x,y,z,t) - ^ a^ e i( ^T * r “ ut * (16b) 

For a given oblique Incident acoustic wave P^ and k^ In (14), one 
would like to find the reflected wave P R and 
transmitted wave P^, and k^ in (16) . The general configuration is 
given in Figure 1. 

The first boundary condition will require that the pressure of 
the acoustic waves will be continuous across the boundary z • 0. 
Applying this boundary condition at z » 0 one obtains from (14a) , (15a) 
and (16a): 

P, « i(k Ii x + V> ♦ P R + V> ' P I + ^ <17) 


h . ln (15) and the 


The second boundary condition will require that the normal component 
to the boundary of the velocity vector of the acoustic waves will be 
continuous across the bcundary z ■ 0. Applying this boundary condition 
at z • 0 one obtains from (14b) , (15b) and (16b) : 


^ “ii ' •• • 


1<k ix* + V> »z + V> - 




(18) 


Since (17) and (18) should apply to every point (x,y) on the 
boundary z » 0, one requires that all the exponential factors will 
have the same form, and one obtains: 
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k x " ^Ix " Six “ ^x 


(19a) 



kjty " ^Ty 


(19b) 


Using (9) one obtains from (19): 


*1 


k a + k a 
xx y 




.2 .2 

k - k 
x y 


k_ • k a + k a - 1/k? - k^ - k* a 

Ti xx yyyi * y z 

k_ ■ k a + k a + \/k? - k^ - k^ a 

i xx y y V 2 x y z 


(20a) 

(20b) 

(20c) 


where k^ * u/c^ - 2ir/ X ^ and k 2 ■ u/c 2 ■ 2v/\^. The angle of 

Incidence 0^ will be designated as the angle between k^ and the 

positive z axis direction a . The angle of reflection 9„ will be 

designated as the angle between k^ and the positive z direction a z< 

The angle of transmission 0^ will be designated as the angle between 

and the positive z direction a . Taking the cross product of 

(20a) , (20b) and (20c) with a one obtains: 

z 


'‘1 1 S ■ ‘‘R k a 2 


xa ■ -k a +k a 


x y 


y x 


( 21 ) 


From (21) one finds that k^, k^ and k^ are all vectors in the same 
plane of incidence, defined by a& d a z > From the definition of the 
cross product of vectors one obtains from (21) : 


sin * k^ sin 0 R » k 2 sin 0 T 


(22a) 
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From (22a) ona has, using (9) 



(22b) 


where (22b) represents the Snell's law of reflection and refraction. 

If c 2 > c^ one has from (22b) 8^ > 0j. For the case 0 T ■ 90° 
the refractive wave will be grazing the boundary, and one has the 
corresponding critical angle of incidence 8^ given by: 


sine 


Ic 



C 1 < c 2 


(23) 


If the angle of incidence is equal or greater than the critical 
angle 6^ _> e, no acoustic wave energy is transmitted into the 
second medium. 

Using (19) and the angles 9j, 9 R and 0^ defined above, one 
obtains from (17) and (18) : 


P + p ■ p 

r I R r T 


P I P R P T 

J- «,«! + ^ co.e R - co.e T 


Substituting 0 R ■ ir - 0^ in (24b) one has: 


p . p ■ p 

i r R r I 


CO80- cos0. cos0 T 

— . p 4 . — ■ ■ A p m — £ p 

Z„ r T Z, r R Z, r l 


(24a) 


(24b) 


(25a) 

(25b) 
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Equations (25a) and (25b) raprasent two aquations of two unknowns 
P^ and P R in terms of Pj, and their solution gives: 


P R ZjCose j - ZjCose T 

R " P^ “ ZjCosSj + Z 1 cos0 T 


P 2Z,cose T 

T ■ -i ■ ■ ■ ■ ■■■ — 1 

Pj Z 2 eos0 I + ZjCOS0 T 


where Z^ ■ pjC^, Z 2 * * , 2 C 2* R is c ^ e reflection coefficient and T 
is the transmission coefficient. For a given oblique incident 
acoustic wave (14a) on a plane boundary z » 0 between two media, one 
will obtain the reflected and transmitted oblique acoustic 


waves by substituting (20) and (26) in (15) and (16) . 

From (26a) one finds that there is no reflection under the 


following condition: 


P 2 c 2 cos0 j - p 1 c 1 cose T 


R - 0 


Taking the square of both sides of (27a) and using (22b) one obtains: 


2 2 2 2 2 2 
p^cos 0 X » p* c 1 (l - sin 0 T ) 


2 2 ,, c 2 . 2 . . 

p l c l^ 1 2 sin 0 I* 

C 1 


which will give by using trigonometric identities: 


2 2 2 2 

t 2 e _ P 2 C 2 " P 1 C 1 
tan 0 i 2 2 22 

P 1 C 1 * P 1 C 2 


(P 2 /P x ) 2 - (c 1 /c 2 ) 2 
(c l /c 2 )2 “ 1 


where che angle of incidence 0j in (27c) will give transmission 
only end no reflection R ■ 0. The incidence angle (27c) exists for 
this case if p 2 /p ^ > c^/cj > 1 or p 2 /p^ < c l^ c 2 < Thia Incidence 
angle is commonly referred eo as the angle of intromission. In 
electromagnetic waves this angle of Incidence, where there is no 
reflection, but only transmission, is known as the polarising angle 
or Brewster angle. 

For the case c^ > c 2 if the angle of incidence 0 ^ •*> 90° one 
finds cosOg 0 and one has from (26b) : 

c^ > c 2 » 6j -► 90°, T -*■ 0 (28) 

Consequently, as the angle of incidence approaches 90° there is complete 
reflection of the incidence acoustic wave energy, and no transmission, 
irrespective of the relative characteristics of the impedances of the 
two media. 
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CHAgm III 


OBLIQUE ACOUSTIC WAVS ON AN INFINITE PANEL 


la the pr is«ac chapter eh* cas* of aa oblique acoustic plan* wav* 
in an inflnie* fluid (air), obliquely incident oa an infinite panel 
(plate) will be discussed. 

Assuming harmonic time variation i -iu)t , the inhomogeneous partial 
differential equation which governs the latorrl displacement of the panel 
(plate) situated at z ■ 0 can be rewritten as follows: 



where 



2 2 2 
( J 7 + - L j) n- 
3x 3y 


4 4 4 

1- 1 +2 ■ ■*-*■■■ 4 1JL 
.4 *2, 2 ,4* 

ax ax ay ay 


(29a) 


where n(x,y) * lateral displacement of Che place (m). 

P (x,y) ■ external net force per unit area in the positive 
z 

2 

z direction (N/m ) . 

p p • mass density of the plate (Kg/m 3 ) . 

h * thickness of the place (m). 

•u * 2irf ■ circular frequency of the wave (1/sec) . 

Eh 3 

0 * — r— * bending or flexural rigidity of the plate (No) . 

12(1 -v ) 2 

E - Young's modulus of elasticity (N/m 4 ). 

v • Poisson's ratio (v * .03 for steel and aluminum). 

Equation (29a) may be rewritten in the form: 


where Ch« place wava number Y la defined by: 


4 

Y 



12(1 - v 2 )p 0 o. 2 

H * 

Eh 


(1/m 4 ) 


(29c) 


Lee an Infinite panel (plate) be situated at z * 0 In the x-y plane 
as shown In Figure 1. Let an oblique acoustic plane wave propagating 
in the direction kj be incident on the Infinite plate, and be given by 
(14) In the region z < 0 in the form: 


P i (x,y,z,t) - Pje 10 *! * r ’ ut) (z < 0) (30a) 

p _ 

^(x.y.z.t) - ^ kje 1 ^! ' r " wt) (z < 0) (30b) 


where k^ ■ k a^, and the unit vector a^ has one component in the positive 
z -direct Ion. This oblique incident acoustic plane wave will be reflected 
by the Infinite plate in the form of an oblique reflected acoustic plane 
wave propagating in the direction kg, and be given by (15) in the region 
z < 0 in the form: 


P r (x,y,z,t) - P R e i( ^R * " wt> (z < 0) (31a) 

P _ 

u r (x,y,z,t) - ~ e i(k R ’ r “ wt) (z < 0) (31b) 


and the unit vector a^ has one component In the 
negative z-directlon. The oblique incident acoustic plane wave will 
cause the infinite plate to vibrate harmonically in the lateral positive 
z-dlrection in the form: 


where kg - k 5^. 
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n(*.y.e) - A . 1(k ?x x + V * wt) 


(2 - 0 ) 


(32) 


where n is Che lecerel displacement of che piece in Che posicive 
z-direction; Che velocicy of Che piece in Che poeidve z-direcdon mey 
be found from (32) co give: 

u- - -iuA e 1(k Px x + *Py y " uC) (2 • 0) (33) 

pz aC 


No piece boundery condidons ere epplied co (32) end (33) since che 
piece is of inf inice dimensions in both x end y dlrecdons. 

The vlbreclons of the piece given in (32) end (33) will generete 
on the ocher side of Che piece i > 0 an oblique ecoustlc transmitted plane 
wave in che direction k^, which will be given by (16) in che region 
z > 0 in che form: 


P t (x,y,z,c) - P T e i(S T * r “ “ t) 

(z >. 0) 

(34a) 

S t (x,y,z,t) - ^ ^ e i( *T * r " wt) 

(z > 0) 

(34b) 


where • k a^, and che unit vector a^ T has one component in che 
positive z-direcdon. 

The total external force per unit area p^ on the plate at z * 0 
in the positive z-directlon by che Incident oblique ecoustlc wave (30a), 
Che reflected oblique acoustic wave (31a) and the transmitted oblique 
acoustic wave (34a) is given by: 




< 


p.Cx.p.e) - p, • 1<k Ix* + V • “ e) * 

♦ P R .‘“W + V * •*> - P t . i(k Tx x + V • <33 > 


where the incident and tha raflactad oblique acoustic waves at z < 0 
pressure the plate In the positive 2 -direction, and the transmitted 
oblique acoustic wave at z > 0 pressure the plate in the negative 
z -direct ion. Substituting (32) in (29b) one finds: 



p.u.p.o - (V + ^,v * s‘ - t ‘] 4,1 <v ' + v * 

[ <k ?x 2 * k py 2)2 - T 4 ] + ‘ Ut) (36) 


ut) 


Substituting (35) on the left hand side of (36) one requires the identity 
to be correct for all (x,y) In the plane of the plate z • 0, and as a 
result one has: 


k « ■ hx ■ "ax ■ k T* ■ k Px <37 *> 

k y ■ s • v, ■ v • s (37b> 


Substituting (35) in (36) and using (37) one obtains: 



where for the particular case of normal Incidence of the acoustic 

plane wave on the plate one will have k « k *0. 

x y 


( 38 ) 
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The plate valocity u , and tha fluid (air) velocity of the oblique 

P* 

acouatlc waves In tha z -direction a on either aide of the plate should 

z 

be Identical. On the positive side of the plate z > 0 at the place 
z • 0, denoted by z ■ 0 . , the plate velocity u In the positive 

* pZ 

z-direction should be Identical with the transmitted acoustic wave 

velocity vector In the z-dlrecr.lon u , as follows: 

cz 

U PZ <£ " °+ ) " u tz ( * • °+> (39a) 

Substituting (33) and (34b) in (39a) and using (37) one obtains: 

■*+ * jfe <E I • **> P T (35b > 

where for the particular case of normal incidence on the plate one will 

have kj ■ k y On the negative side of the plate z < 0 at the plate 

z • 0, denoted by z ■ 0 , the plate velocity u should be Identical with 

- pz 

the sum of the oblique incident acoustic wave velocity in the positive 

z-dlrectlon u^, and the oblique reflected acoustic wave velocity 

in the positive z-dlrection u , as follows: 

rz 

u (z ■ 0 ) - u._( z ■ 0 ^ + u (z - 0 ) (40a) 

pz • xz *- zr - 

Substituting (30b), (31b) and (33) in (40a) and using (37) one 
obtains: 


■ 1 “ A ' jk (E I • S> P I + 4 ' V P R 


(40b) 
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whtr* for tho particular caaa of normal incidence on the plaee one 
will have kj - k a f and - -k a . From (39b) and (40b) one obtains: 

(E I • \> P I ■ ^ P T - (C R • P R <*» 

-*» * k *« 

From (6a), (9) and (37) one has: 


£ I ' k x *x + S *y + k , *x 

(42a) 

k x \ 

(42b) 

E i' k , : ,* k ,v k t *, 

(42c) 

k . V k2 ' k * 2 • “r 2 •l/*?’ 2 ‘ k » 2 • “/ 

(42d) 

Using (42c) in (39b) one has: 


k 


-iuA - — P_ 
pek T 

(43a) 

Using (42a) and (42b) in (40b) one has: 


k 


< p i * V 

(43b) 


where for the particular case of normal incidence one has ^ • ky 
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taking the angle of Incidence 6 to be the angle between the Incident 
wave propagation vector and the positive z axis, as shown in Figure 1, 
one finds from (42a) and (42d): 


k - k_ • a « k cose 

Z X Z 


(44a) 



k sine 


(44b) 


From (42b) and (42c) one finds, as shown in Figure 1, that the angle of 
transmission is also 6, and the angle of reflection is it - 6 with 
the positive z-axis. Substituting (44) in (38), (43a) and (43b) one has: 


[kW. - /I A - -» t) 

o hu 
P P 


. . cose _ 

" — P T 


(45a) 

(45b) 


-■iu>A 


cose 

pc 


< P I 


V 


(45c) 


where for normal incidence one has 6 ■ 0 in (45) . 

From a given oblique acoustic incident plane wave on the infinite 
plate, one obtains the unknown P^, P^ and A by solving the three 
linear equations (45). From (45b) and (45c) one obtains: 


P ■ P + p 
*1 R r T 

From (46a) one has: 

Pj + P R --P T - 2Pj - 2P^ 


C46a) 


(46b) 
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Substituting (45b) and (46b) In (45a) one obtains: 



sin*e - 



i C08fl p 

(DpC T 




From (47a) one obtains: 


(§>W. - l] 


p hoi i cos0 


2pc 


P ■ P - P 
T I T 


The coupling parameter U between the plate and the air is 
defined as follows: 


U * (1/m) 

PpO 

3 

where: p » air density (Kg/m ). 

3 

pp * plate material density (Kg/m ). 
h - thickness of plate (m) . 

By substituting the coupling parameter U ■ and the acoustic 

2 P 

wave number k ■ — ■ ~ one has: 

C A 



Substituting (48) in (47b) one obtains: 

£(~) 3 4 sin 4 0 - lj i(^)cose P T - P x - P T 
Let us define: 


(47a) 


(47b) 


(48) 


(49a) 
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Q(8) • £l - (— )*sln*oJ ^ cose 


Equation (49a) can be rewritten in the form: 


-iQ(6)P T - Pj - P T 


From (49c) one obtains: 


Pj “ 1 - iQ(8) 


Using (50a) in (46a) one has: 


!i , ...Tiq (g) , 

P x 1 - iQ(0) 


Using (50a) in (45b) one obtains: 


A m i(l/oai))cos8 
Pj 1 - iQ(0) 

where (50) are the solutions of (45) t and Q(8) is defined 
By rotating the x and y coordinates around the z-axis 
obtain ky ■ 0, and the plane of Incidence will be located 
plane, with no variation in the y direction. Taking k^ • 
(44a) and (44b) in (30a), (31a), (32) and (34a) and using 
one obtains for the oblique acoustic waves: 

_ ik(xsin8 + zcose) -iwt 
?i - P x e e 


(49b) 


(49c) 


(50a) 


(50b) 


(50c) 

in (49b). 
one can 
in the x-z 
0 and substituting 
(37a) and (42), 

(51a) 
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(51b) 


- - p ik(xsin0 - 2CO80) -iut 

p r r R * • 


o • p -*k(xsin0 + 2cos0) -iwt 
p t r T e e 


n - A e ltac8lne e” iu)t 


(51c) 

(51d) 


where P R , P T and A are given in (50) in terms of P . For the particular 
case of normal incidence on the plate the corresponding results may 
be obtained by taking 0 ■ 0. 


CHAPTER IV 


NOISE REDUCTION FOR INFINITE PANEL 

The Transmission Loss coefficient is defined as the ratio of the 
incident acoustic wave pressure power to the transmitted acoustic wave 
pressure power. From (51) one obtains the Transmission Loss coefficient 
TL db in decibels in the forms 


TL db - 10 log 


log 


(52a) 


Substituting (50a) for the present case in (52a) one has: 


TL db - 10 log |1 - iQ | 2 - 10 log(l + Q 2 ] 


(52b) 


One has from (49b) : 


k A 4 k 
[1 - (— ) 4 sin 9] — cose 
Y U 


(53a) 


where e is the angle of incidence, and 0 « 0 represents the case of normal 

, p hw2 

to the place incidence of the acoutlc wave. Substituting y • , 

k * o)/c and y * in (53a) one obtains: 

5 p“ 

_ 2 , p hu 

Q - [1 ^ sin 9] - \ E — cose 

p'hc P 

P 


(53b) 


where (53b) gives the functional variation of Q with respect to the angle 
of incidence 9 and the wave frequency u. 


Usually Cha measurements are done by two microphones which measure 
the pressure power of the acoustic waves. One microphone is situated 
on the source side of Che panel at z ■ -it (the source microphone), and 
it measures the total acoustic wave pressure power at that point of 
both the incident and the reflected acoustic waves. The other microphone 
is situated on the other side of the panel at z ■ (the receiver 
microphone), and it measures the total acoustic wave pressure power at 
that point of the transmitted acoustic wave. The Noise Reduction 
coefficient in decibels is defined as the ratio of the total acoustic 
wave pressure power measured by the source microphone at z ■ -d, , to 
the acoustic wave pressure power measured by the receiver microphone at 
z • +d< . From (51) one obtains the Noise Reduction coefficient NR^ 
in decibels in the form: 


NR 


db " 10 lo * 


10 log 


|Pi + P r l 




l p t' z " +d2 

p e -ikdjcos6 + p g+ikdj^cosS j 2 

r r 


p ikd2COs6 
*T* 


(54a) 


Substituting (50a) and (50b) for the present case in (54a) one obtains: 


NR 


db * 10 l0 * 


-ikd^cosQ iQ e +ikd^cos0 


1 

1-iQ 


- 10 log I (1 - - iQe +lkd l' : ° 89 


■ 10 log J^-^ d l cos0 _ iQ2cos(kd^cos0) * 


10 log 


| cos(kd^cos0) - lsin(kd^cos0) - i2Qcos(kd^cos0) 


(54b) 
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where (54b) may be rewritten in the form: 


NRjk • 10 log (cos 2 (kdjcos0) + fsin(kdjCos6) + 2Qcos(kd, cos6) ] 2 } » 

-10 log[l + 4Q8in(kd 1 cos0)co8(kd 1 co8e) +4Q 2 cos 2 (kdjCose)] X54c) 

By using the trigonometric Identities: 

sin 2a • 2slnacosa 
2 

2cos a * 1 + cos2a 

Equation (54c) can be rewritten In the form: 

NR db - 10 logfl + 2Q 2 + 2Qsin(2kd 1 cose) + 2Q 2 cos(2kd 1 cos6) ] (54d) 

where the Noise Reduction coefficient NR db depends on the position of 
the source microphone z « -d^ . One sees from (54d) that the Noise 
Reduction coefficient curve NR^ b consists of an average value superimposed 
by oscillating component of sine and cosine which are functions of the 
distance of the source z ■ -d^ and the frequency since k ■ u/c. 

Denoting the average value of the Noise Reduction coefficient by NR^^ 
one obtains from (54d) : 

NR db - 10 logfl + 2Q 2 ] (54e) 

where NR., is the average Noise Reduction coefficient and the parameter Q 

d i 

is given in (53a) and (53b) . For the particualr case kd^ * 2 t~t- << 1 
(54d) will reduce to: 
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NRj b ■ 10 log [1 + 4’Q ] for |kdjJ << 1 


For the case |kd^| « 1 the Noise Reduction coefficient NR db does not 
depend on the position of the source microphone z ■ -d^. From (52b) 
end (54d) one finds that for Q » 1 one has: 


l db - TL db - 10 log(4Q 2 ) - 10 log <Q 2 ) - 


- 10 log 4 - 20 log 2 - 20 x 0.3010 • 6db 


which may be rewritten in the form: 


l db ■ TL db + 6db for Q » 1 and |kdjJ « 1 


For the case of k « y one finds from (53a) that Q -*• 0, and from 
(52b) and (54d) one has both the TL db and the NRj b coefficients approach 
the values zero; the obliquely Incident acoustic plane wave for k « u 
will propagate through the infinite panel as if it is completely trans- 
parent to it. For the case oi -*■ 0 one obtains from (53b) that Q -*■ 0. Thus 
for very low frequencies one finds from (52b) and (54d) that both TL db 
and NR db coefficients approach the zero value; for very low frequencies 
the obliquely incident acoustic plane wave will propagate through the 
infinite panel as if it is completely transparent to it. A similar 
result will be obtained for 0 ■ j, where from (53b) one has Q ■ 0. 

In this case the infinite plate is parallel to the direction of the 
acoustic wave propagation, and will not effect the acoustic wave propagation. 
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The Transmission Loss cosfflclent in (52b) and the Noise 
Reduction coefficient NR db in (54d) both ar? functions of Q 2 ( u ), which 
may be found from (53b) in the form: 


Q 2 (w) - F U 2 [1 - G «» 2 ] 2 


(56a) 


where one has: 


p hcosd , 

• <-v-> 


(56b) 


6 - 


Dsln^e 

. 4 

Pphc 


(56c) 


Taking the first two derivatives of (56a) with respect to u one obtains: 


j ^ 3 ^ - 2u> (1 - Gw 2 ) 2 + u 2 2(1 - Gai 2 ) (-2Gw) 


- 2(u (1 - G<u 2 ) (1 - 3Ga/) 


(57a) 


>2 rt 2 . 


. 2 [1 - Gu, 2 H1 - 3Gu 2 ] + 
3(u 


+ 2<D(-2G«ni - 3Gui ] + 


+ 2u[l - G(d'’][1 - 6 Gw] 


(57b) 


Equating (57a) to zero * 0 and solving for ui, one will obtain, 

using (56c), (57b) and the numerical values in the present case: 


28 


(58a) 


to, - 0 


Q - min 



Q ■ max 


Q ■ min 


(58b) 


(58c) 


Substituting (58a), (58b) and (58c) in (56a) one finds: 


Q x 2 - Q 2 ( Wl ) 


q 3 2 - Q 2 (u 3 ) - 0 


(59a) 


Q 2 2 - Q 2 (u 2 ) 


I ( i)2 F 
3 '3' G 


(59b) 


Using (56b) , (56c) , (58c) and u ■ one may rewrite (59b) in the 

on 


form: 


3 3 2 

2 ■> , P_ h c 2 fl , U,cos0 , 

n « 2/ \ _ i p COS 0 ,2 2 ,< 

q 2 q (« 2 ) - 27 2 n ( 3 ~ 

p D sin 0 M 

Substituting (59a), (59b) and (59c) in (52b) one obtains: 


(59c) 


TL db (“» * to 1 ■ 0) ■ TLj b (<o * a» 3 ) ■ 0 


(60a) 


Tl db (» - a> 2 ) - 10 log (1 + i-(|) 2 


3 3 G 


2 V^ a 2, 

cu 


10 logU + (j-^TT-) 1 


(60b) 


Substituting (59a), (59b) and (59c) in (54d) one obtains: 
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NR db <w ■ • 0) ■ NR db (u» • w 3 ) • 0 


NR db 'w -« 2 ) - 10 log [1+| (|) 2 §] • 


A W 2 C086 2 
- 10 log[l + ] 


(61a) 


(61b) 


Thus one finds from (60a) and (61a) thac for u ■ * 0, and for u ■ 

given in (58c) , the infinite plate (panel) behaves as if It Is transparent 

to the oblique acoustic waves incident on it. 

2 1 

For the case Au » 1 or <■> » w- • — , where u. is given in 

i A J 

(58c), one obtains from (56a): 


Q 2 (w » (o, - — ) - FgV - (2ir) 6 BA 2 f 6 

4 A 


where f ■ is the frequency of the oblique incident acoustic plane wave. 
For the present case the value of (62) is much larger than 1, and there- 
fore, by substituting (62) in (52b) one obtains: 


TL. V (w » uj, ■ — ) 

db 3 A 


10 log[(2ir) 6 PG 2 f 6 ) 


\ E 


10 log[(27r) 6 FG 2 ] + 60 log f 


Similarly, by substituting (62) in (54d) one obtains: 


(w » ui, - — ) - 10 log [4(2ir) 6 FG 2 f 6 ] 
db 3 /q 


10 log[4(2Tr)°FG*] + 60 log f (64) 


* 

I [ 
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From (63) and (64) on* obtains, using (35): 


TL db - C + 60 log f (65a) 

NR db - C + 6db + 60 log f (65b) 


whan ona haa: 


C - 10 log I(27r) 6 PG 2 J 


(66a) 


From (56b) and (56c) one has: 


BA 


2 ,°D hco8fl ,2.DainV2 , D . . 4.. 2 
■ (' * " — ) ( r~) ■ ( r coseain 8) 


Pphc 


2pc 

, Dco»8 j2^ aln6j 8 
2pc c 


2pc" 


(66b) 


Subaclcuclng (66b) in (66a) one has: 


C - 60 log (2ir) + 20 log (——) + 80 log (~p) (66c) 


One can see from (65a) and (65b) that by drawing TL db and NR db on a log 
paper, where the x-axls expressed in terms of log f, one will obtain a 
straight line for u » «, ■ with the constant C given in (66c) . 

A doubling of the frequency (■ raising the frequency by one octave) 
in this case will raise the Transmission Loss coefflcint TL db and 
the Noise Reduction coefficient NR., by 18 db. 

QD 
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For eh« particular caaa of normal incidence 8 ■ 0 one obtaine from 
(58a), (58b) and (58c ) j 

* 0, aj ■ "i uj ■ * (87) 

Thus for ehe case of normal incidence the above phenomena of maximum 

(at u ■ n> 2 ) * n <* minimum (at u ■ u^) in the TL^ and NR db curves 

does not exist. Of courae u 2 and in (67) will not be infinite, but 

will be limited by the critical frequency f to be discussed in the folio*#- 

c 

ing. 

Assuming in (29b) that there is no extei^al force density p_ ■ 0, 

z 

and there is a variation only in x-dlrectlon n ■ n(x), one will obtain: 

A - y\ - 0 (68a) 

dx* 

which will be solved to give the following free motion elastic plate 
waves of the lateral displacement of the plate propagating along the 
plate: 


n ■ Attenuated plate elastic waves (68b) 

n ■ n 0 e i ^* YX ”“ e ^ propagating plate elastic waves (68c) 


where for the propagating plate elastic waves in (68c) , the plate wave 
number y can be given from (29c) in the form: 


m 2irf 2v 

Y TU"r 

p p p 



4 f . 2 
o hu» 



4 / 12(1-v 2 )o * r 

S—^ <!'»> 


(69a) 
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when: c p ■ wivi velocity of the elastic plate waves (m/sec) 

Xp ■ wavelength of the elastic plate waves (a) 
u ■ 2i?f ■ circular frequency of the wave (1/sec) 

Froa (69a) one obtalna: 



where c p ■ fX p and c p ■ c p (f) t with f being the frequency of the elastic 
wave along the Infinite plate. 

Assuming that an oblique acoustic plane wave is Incident on the infinite 

plate in the x-z plane of incidence in an angle 0j with the normal to the 

plate a , as shown in Figure 1« the oblique acoustic plane wave propaga- 
z 

tion vector is given by found for the present case froa (20a): 

kj ■ k x a x +Vk 2 ~ k x 2 - ksin6ja x + kcos©^ (70) 


where k • u/c, c being the velocity of the acoustic wave in infinite 
space. Denoting the phase velocity of the oblique acoustic wave along 
the plate by c^one has k x - w/c x , and one obtains from (70): 


■ J*L m HI C 

c x " k x " ksinflj * sinflj 


(71) 


The critical frequency of radiation f £ of the infinite plate is defined 

by c • c or by y ■ k , and one obtains from (69b) for f * f : 
p c 
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From (72a) one may obtain the critical frequency of radiation f 

C 

the form: 


(72a) 


in 



(72b) 


Substituting D ■ 


Eh^/12(l-v^) in (72b) one obtains from (72b) 


020 0-0 


(72c) 


Substituting the Poisson ratio v for aluminum, one may obtain from 
(72c) : 

f c ■ Df n - for * * °- 3 . 

When the velocity c p of the elastic waves along the infinite plate 
is large - than the phase velocity c of the acoustic waves in the air 
Cp > c , which implies y < k or f > f c> the plate will radiate 
acoustic wave energy into the air, and it can be shown that the acoustic 
radiation ratio » which is proportional to the acoustic power radiated 
by the plate, is given by: 



for f > f 

c 


(73) 
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In the case of f < f there is no acoustic wave power radiated from the 

infinite plate, provided that the plate behaves perfectly in accordance 

with (68a). For actual plates, which are not perfect, there is also 

some acoustic wave radiation even when f < f . 

c 

Comparing (58b) and (58c) with (72b) one finds for f 2 * an< * 

f 3 - w 3 /2ir: 


f 


2 


f 

c 

sin 2 0 


f 

c 

sin 2 0 


(74a) 


From (74) one has f^ > f c , while f 3 > f £ for 8 < 49° and f 2 < f £ for 
0 > 49°. Thus the value of in (58c) will be always affected by 
the radiated acoustic wave energy from the plate. The value of 0)2 
in (58b) will be affected by the radiated acoustic wave energy from 
the plate only if 0 < 49*. 

In the experiments under discussion in the present report one 
has the numerical values: 


h ■ 0.025" * 0.635 mm - 0.635 x 10 ^m 

p - 2.7 x 10^ kg/m"* 

P 

E - 7.0 x 10 10 N/m 2 
c * 343.8 m/sec 


Substituting the above numerical values in (72d) one obtains: 


f - 19,240 (1/sec) 
c 


(74b) 
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where f la Che critical frequency of radiation by the place. Since 
c 

Che experiments discussed in the present report are in the frequency 
range f <_ 5,000 1/sec, one has f < f c> and the effect of acoustic 
wave radiation by the plate could be neglected, if one assumes a 
perfect plate. 
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CHAPTER V 


OBLIQUE ACODSTIC WAVE ON FINITE PANEL 

In Che present chapter the case of a plane acoustic wave incident 
on an oblique finite clamped panel (plate) in a rigid duct will be 
discussed. 

It has been shown in a previous report that the fundamental mode of 
propagation of the acoustic waves propagating parallel to the axis of a 
rigid duct is identical with the plane acoustic wave propagating in the 
infinite fluid (air) limited by the walls of the rigid duct. The intro- 
duction of the walls of the rigid duct parallel .0 the direction of 
propagation does not affect the plane acoustic wave, since the boundary 
conditions of the walls of the rigid duct are obeyed; the fundamental 
mode of propagation of the acoustic wave in the duct propagates parallel 
to the axis of the duct as a plane acoustic wave, as if the duct rigid 
walls were not there. Thus, the introduction of the duct rigid walls 
parallel to the direction of propagation does not alter the behavior 
of the acoustic plane waves. 

When one introduces a finite rectangular clamped panel (plate) 
in an oblique direction to the axis of the duct, one should apply the 
boundary conditions for a clamped rectangular plate. One is not able to 
use the solution for the infinite panel (plate) discussed in the previous 
two chapters without any boundary conditions. Thus, the introduction of 
the duct rigid walls parallel to the direction of propagation does not 
affect the incident plane aocustic waves, but it does introduce the effect 
of the clamped boundary conditions of the panel (plate) , which is in 
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oblique direction to the axis of the duct, and is now clamped to the rigid 
walls of the duct. The solution given previously for the infinite panel 
(plate) for the lateral displacement n does not obey the boundary condi- 
tions for the clamped edges of the panel (plate). Therefore, the solution 
for the infinite panel (plate) given in the previous two chapters should 
be modified. 

In order to simplify the analysis and limit it only to the fundamental 
resonance frequency of the oblique panel (plate) in the present chapter, it 
is assumed that the effect of the four clamped edges of the oblique plate 
in the duct is equivalent to a spring, forcing the plate to return to its 
position of equilibrium when no acoustic plane wave is incident on it. 

Thus, the oblique plate in the duct has been idealized by introducing the 
effect of the clamped edges' boundary conditions as an equivalent system 
of a single degree of freedom only. For small lateral displacements n of the 
oblique plate in the aunt, the spring-like force per unit area is propor- 
tional to the lateral displacement of the plate, and can be expressed in 
the following form, by using the stiffness constant of the plate; 

p spring . ^ (75) 

z 

where: P 2 Sprin8 ■ spring-like force density (N/m^) 

n » lateral displacement of the plate (m) 

K * stiffness constant of the plate (N/m^) 

The formulation of the structural damping of the vibrating plate can 
be accomplished by expressing the damping force per unit area as a purely 
Imaginary constant, being proportional to the small lateral displacement, 
es follows, taking i ■ /-l: 




( 76 ) 


where: p damping a ( j am p£ n g f orce density (N/m^) 

z 

n * lateral displacement of the plate (m) 

K ■ stiffness constant of the plate (N/ra ) 
a * the damping factor (non-dimensional) 

Equation (76) has been employed extensively in the dynamic analysis of 
aerospace structures. 

The inertial force density associated with the lateral translation 
n(x,y) of a plate element has been given as follows: 

2 

inertial . d n 

* * V ^2 <77> 

where: P * ,nert * a ^ . inertial force per unit area (N/m^) 

Z 

3 

pp * mass density of th.e plate material (kg/m ) 
h * thickness of the plate (m) 

2 

pph * mass of plate per unit area (kg/m ) 

The natural fundamental circular resonance frequency will be defined 
for a spring-like system of one degree of freedom of this type as follows, 
using (75) and (77) : 


°b 




(1/sec) 


(78) 


Revising the differential equation for static equilibrium for the plate 

DV n * P_» by adding the spring force in (75), the damping force in (76), 
z 

and the inertial force in (77), one obtains: 
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D7 4 n - p + p inertial + P 8pring + p daoping - 

z 2 z z 

• p - p h - Kn “ i»Kn (79a) 

* P dt Z 

which could be rewritten in the fora: 


DV 4 n + p h + K(1 + ia)n * P, 
p dt 


(79b) 


2 -iut 

Substituting K ■ Ppluj^ from (78) and assuming harmonic time variation e 

in (79b) one obtains: 


Zn o 


07 n- P p hw [1 2 " ^ + * P z ( x »y> 


(80a) 


u 


which may be rewritten in the form: 


4 4 1 

7 n - y 0 n - D p z 


Pphai 


2 *z 


(80b) 


where y has been defined in (29c), and the plate wave number y Q for the 
present case is defined by: 


/ P hto CO , (0 4 

- -Eg— [1 . -^- (1 + io )] - / [1 - d + ia)] (1/m 4 ) (80c) 


For the particular case of infinite unclamped plate <o Q - 0, y Q m y, 
and (80b) reduces to (29b) . 

In the subsequent analysis the plate will be considered to be infinite. 
However, the effect of the plate being finite in extent, and clamped at the 


40 


edges, will be Introduced by the resonance frequency u> 0 in (80c). Further- 
more, Instead of considering the plane acoustic wave (the fundamental 
mode) propagating along the axis of the duct and incident on an oblique 
panel (plate) in accordance with the experimental set up, we will consider 
an oblique plane acoustic wave in infinite space incident on an infinite 
plate situated at z ■ 0, and subject to inertial force, spring-like force 
and damping force. 

Let an infinite panel (plate) be situated at z ■ 0 in the x-y plane. 
Let an oblique acoustic plane wave propagating in the direction k^ be 
incident on the infinite plate, and be given by (14) in the region z <_ 0 
in the form: 


P^x.y.z.t) - Pje^^I * " (z <. 0) (81a) 

P k - . - 

G 1 (x,y,z,t) - e i(k I ’ r " ut) (z < 0) (81b) 


and the unit vector a^ has one component in the positive 
z-dlrection. This oblique incident acoustic plane wave will be reflected 
by the infinite plate in the form of an oblique reflected acoustic plane 
wave propagating in the direction k^, and be given by (15) in the region 
z < 0 in the form: 


where kj - ka^. 


P r (x,y,z,t) - P R e i(k R ’ r ‘ wt) (z < 0) (82a) 

G r (x,y,z,t) - ^ e i(k * ' r " ut) (z < 0) (82b) 
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where Ic^ - ka LR , end the unit vector a^ R has one cotnponent in the nega- 
tive z-direction. The oblique incident acoustic plane wave will cause 
the infinite plate to vibrate harmonically in the lateral positive 
z-dlrection in the form: 

n(x,y,t) • Ae^kpx* + ^py^ Wt ^ (z » 0.) (83) 

where n is the lateral displacement of the plate in the positive z-dlrection; 
velocity of the plate in the positive z-direction may be found from (83) 
to give: 


„ .ij.-W ( V + V“° u-o) (84) 

pz dt 

No plate boundary conditions are applied to (83) and (84) since the plate 
is assumed to be of Infinite extent in both x- and y-direction. The effect 
of the clamped finite plate is introduced by the resonance frequency 
in (80c) . 

The vibrations of the plate given in (83) and (84) will generate on 
the other side of the plate z > 0 an oblique acoustic transmitted plane 
wave in the direction k^, which will be given by (16) in the region z ^ 0 
in the form: 

P t (x,y,z,t) - P T e i( *T * r ‘ wt) (z > 0) (85a) 

u t (x,y,z,t) - e*^T ' r (z >, 0) (85b) 
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• k*^ T , and the unit vector has one component In the positive 
2 -direct ion. 

The total external force per unit area p on the plate at z » 0 

z 

in the positive z-direction by the incident oblique acoustic wave (81a), 
the reflected oblique acoustic wave (82a) and the transmitted oblique 
acoustic wave (85a) is given by: 


where ^ 


P z (x.y,t) 


P_e i(k Ix x + k Iy 7 “ wt) + .P. 


,e 1(k Rx : 


X + V 


- wt) w 


- P T . i(t T» X + V ' 


( 86 ) 


where the incident and the. reflected oblique acoustic waves at z < 0 
pressure the plate in the positive z-directlon, and the transmitted 
oblique acoustic wave at z > 0 pressure the plate in the negative z-direc- 
tion. Substituting (83) in (80b) one finds: 


*7 P 2 (x,y,t) - [(k 2 + k 2 ) 2 - y o 4 ] Ae i(k px X + k py y " Ut) (87) 


Pphu 


Substituting (86) on the left hand side of (87) one requires the identity 
to be correct for all (x,y) In the plane of the plate z * 0, and as a 
result one has: 


k « * k I* * *8* ’ "Tx * k p. 


(88a) 


k y * hy m b.y ' S * k py 

Substituting (86) in (87) and using (88) one obtains: 


(88b) 
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( 89 ) 


(ft, 2 - k y V * Y> ■ -J-J [»J + P R * P T 1 

o p h« 

where (89) reduces to (38) for the particular case of w Q ■ 0 and y Q m y> 

The place velocity a and the fluid (air) velocity of tho oblique 

pz 

acoustic waves In the z-dlrection a on either side of the plate should 

z 

be Identical. On the positive side of the plate i > 0 at the plate 
z • 0, denoted by z * 0. , the plate velocity u In the positive 

T PZ 

z-dlrectlon should be Identical with the transmitted acoustic wave 
velocity vector in the positive z-direction u as follows: 


u pz (z * V • u tz ( * “ °+ ) 


(90a) 


Substituting (84) and (85b) in (90a) and using (88) one obtains: 


• IS (E t ' S )p i 


(90b) 


On the negative side of the plate a < 0 at the plate z ■ 0, denoted by 

z ■ 0 , the plate velocity u should be Identical with the sum of the 
— pz 

oblique incident acoustic wave velocity in the positive z-dlrectlon u^ g 

and the oblique reflected acoustic wave velocity in the positive z-direc- 

tlon u„ , as follows: 
rz 


Upz(z ■ 0_) ■ u ls (z ■ 0J + u rz (z ■ 0.) 


iz 


(91a) 


Substituting (81b), (82b) and (84) In (91a) and using (88) one obtains: 


(E I ' V P I + jfe ’ 5 2> P R 


(91b) 
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From (90b) and (91b) ou obtains: 


<*I ‘ *, )? t ' ' *, )? t - (C K ' * ! )P R 


<» 2 > 


where for the particular caae of normal incidence one has k^ ■ k^ ■ -k^ ■ ka z< 
From (6a) , (9) and (88) one has: 


■ KK + k v a_ + k ,*» 

xx y y z z 


(93a) 


Ej • k^a.. + k„a_. - k_a_ 


xx y y z z 


(93b) 


’ Vx + Vy + Vz 


(93c) 


k_ - Vk 2 - k„ 2 - k_ 2 - V(£) 2 - k„ 2 - k.. 2 


x y ' 'C x y 


(93d) 


Using (93c) in (90b) one has: 


‘ lwA ‘ pek P T 


(94a) 


Using (93a) and (93b) in (91b) one has: 


" iwA " pek (P I ‘ V 


(94b) 


Taking the angle of incidence 0 to be the angle between the Incident 
wave propagation vector and the positive z axis, one finds from (93a) 
and (93d): 


k » SL ’ a • kcose 

Z L Z 


(95a) 
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Vk x 2 + k y 2 «Vk 2 - k^ 2 ■ kslne 


(93b) 


From (42b)<‘*nd (42c) on* find* that eh* «ngl« of er«n*mi**lon i* also 
e, and eh* angle of r*fl«celon Is it - 0. Substituting (95) in (89) , 
(94a) and (94b) ona obtains: 


(k 4 sinS - y 0 *]A • — j (Pj ♦ P R - fj) 


Pphu 


(96a) 


-in A 


COS6 - 
PC r T 


(96b) 


-luA 


cose 

pc 



(96c) 


where (96a) will rcduc* to (45a) for a* ■ 0 and y ■ Y » and (96b) and 

0 o 

(96c) ar* identical with (45b) and (45c) . From (96b) and (96c) on* 
ob Cains: 


P I ’ P R + P T 


(97a) 


From (97a) on* will obtain: 


p i * h - P I • 2P I - 2P I 


(97b) 


Substituting (96b) and (97b) in (96a) on* obtains: 


4 

4 , 4, icos6 _ 2y ri • » 

Ik •« ' ■>! I -ST" P T “77 IP I ' P T 


p„ho> 
p 


(98a) 


From (98a) on* obtains: 
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(98b) 


k 4 4 Y a 4 P hwico*e 

k*)W, - (f)‘i p 2 -„ c - p t - p : - p t 


where for tho case « Q « 0 and y a Y 0 (98b) raducaa co (47b) . 

Tha coupling parameter y between the plate and the air la 
aa follows: 


1SL 


M ' olh 


Taking the acoustic wave number k ■ u/c and (99a) one obtains: 




w 2pc 


Substituting (99b) In (96b) one obtains: 


[(^) 4 sln 4 e - (-“) 4 ]1 (^)cos0P t - P x - P T 


Let us define: 


Q 0 (6) 


[(y) 4 - <7> 4 « in4 0J “ cos© 


where one has from (80c): 


r o*4 


u. 


(-f) - 1 - ~ (1 + la) 

Y ui 


Using definition (100b) In (100a) one obtains: 


-1Q o (0)P t - Pj - P T 


defined 


(99a) 


(99b) 


(100a) 


(100b) 


(100c) 


( 101 ) 
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From (101) one obtains: 



1 

1 - 1Q 0 (9) 


(102a) 


Using (102a) in (97a) one has: 


i - iQ o (9) 

P T " 1 - iQ 0 (e) 


Using (102a) in (96b) one obtains: 


(102b) 


A i(l/pcai)cos8 
P_ 1 - iQ (9) 

L O 


(102c) 


where (102) are the solutions of (96) and Q q ( 8) is defined in (100b). 

For the particular case of u * 0, one obtains from (100c) Y ■ Y> 

c o 

equation (100b) oecomes identical with (49b) for Q (0) * Q(0), and the 

o 

results (101) are identical with (50) . 

Using the solutions (102) in (51) one obtains the corresponding 
oblique acoustic waves, where P^, P^ and A are given in (102) in 
terms of Pj of the Incident oblique acoustic wave. For the particular 
case of normal incidence on the place, the corresponding results may 
be obtained by taking 0 * 0. 


CHAPTER VI 


NOISE REDUCTION FOR FINITE PANEL 


The Transmission Loss coefficient is defined as the ratio of the 
incident acoustic wave pressure power to the transmitted acoustic wave 
pressure power. From (81) and (85) one obtains the Transmission Loss 
coefficient TL^ in decibels in the form: 



10 log 



10 log 



(103a) 


Substituting (102a) for the present case, one has: 


TL db - 10 log |1 - 1 Q 0 | 2 


(103b) 


Substituting (100c) in (100b) one obtains: 


Q c (9) - [1 - - 2 (1 + in) - (V sin* 6 ] ^ cose 
to r 


(104a) 


Substituting (104a) in (103b) , and separating into real and imaginary 
parts, one obtains: 


TL 


db 


2 . 
w ak 

10 log |[1 2 — cose] - 

(u u 


“o .k.4 . 4 o1 k Q , 2 

-ill - — 2 — ( 7 ) sin 9J ~ cose I 


(104b) 


From (104b) one has: 
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' Tp*T**-'»‘**'- 





• r 

j 

i . 

1 n 

. i: 


r 

S. 



ok® , 

TL db ■ 10 log{(l Y~ cose] + 

life) 


A r , “o An 4 , 4 a ,2 A m2, 

+ [1 Y ~ Sia ®1 C~ CO80) } 

01 


(104c) 


where one has from (80c) and (99b): 


k j, ^ 

— ■ J4L - » ~T 

u Cp ZpC 


(105a) 


A\ 4 ,<jk 4 D Did 

V V v 2 .4 

1 p_hu o he 

P P 


(105b) 


Substituting (105) in (104c) one has: 


OUl) * 

TL.. - 10 log {[1 — cos0] Z + 

db epu 


, ,, -o Duj^ , 4.. 2, u) „„2 

+ [1 2 4 sin 0 1 COS0 1 

a) p he *” 

P 


(106) 


For the particular case of u *0 (106) reduces to (52b). 

o 

The Noise Reduction coefficient Is defined as the ratio of the total 
acoustic wave pressure power measured by the source microphone 
at z “ -d j, to the acoustic wave pressure measured by the receiver micro- 
phone at z * From (51) one obtains the Noise Reduction coefficient 

NR db in decibels in the form: 


Pi + P t 


NR 


db * 10 108 


z » -d 1 
> 1 


'z ■ +d„ 


10 log 


p g -ikd^cos0 + p e +ikd]_cos0 
X R 


V 


ikd2cos0 


(107a) 
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Substituting (102a) and (102b) for the present case in (107a) one obtains 


NK db - 1C log |(1 - K) o . +lkd l COSe | 2 - 

- 10 log | e “ lkd l COs 6 - iQ o 2co8(kd lC os0)| 2 (107b) 

Equation (104a) may be rewritten in the form: 


v e) ■ i„ R - V 

(108a) 

2 


Q R “ [ 1 - - (V sin 4 e] - cos0 

0 ,2 y V 

(108b) 

01 


2 


_ I “o k 

Q 0 - « — “ cose 

(108c) 




where ~ and (^) 4 are given in (105a) and (105b) . Substituting (108a) 
in (107b) one obtains: 

NRjk ■ 10 log jcos(kd^cose) - i sin(kd^cose) - 
- 1 2Q o ^cos(kd^cos6) - 2Q o *cos(kd^cos0)| 2 * 

■ 10 log I (1 - 2Q I )cos(kd.cose) - i[sin(kd, cose) + 

'Oi x 

+ 2Q R cos(kd,cose)]| 2 (109a) 

o i 1 

Equation (109a) can be rewritten in the form: 
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(109b) 


NR db - 10 log {(1 - 2Q o X ) 2 cos 2 (kd l co80) + 

+ [sin(kdjCOS0)-+ 2Q q R cos(kdjcos0) J 2 ) 

By opening the brackets (109b) nay be rewritten as follows: 

NR.. ■ 10 log (1 + 4Q X (Q X - 1) cos 2 (kd- cose) + 

aD 0 0 1 

+ 4Q o ^sin(kd^cos0)co8(kd^coe0) + 4(Q q ^) 2 cos 2 (kd^cos0) } (110a) 

By using the trigonometric identities 

sin2a ■ 2sinacosa 
2 

2cos o*l+ cos2a 

equation (110a) may be rewritten in the form: 

NP. db - 10 log [1 + 2(Q o V + 2 Q q I (Q o I - 1) + 

+ 2Q o *sin(2kdjCOS0) + 2(Q o R ) 2 cos(2kd^cos0) + 

+ 2Q o I (Q q I - l)cos(2kd^cos0) j (110b) 

R I 

where Q q and Q q are given in (108b) and (108c) . The Noise Reduction 

coefficient NR.. in (110b) depends on the position of the source at z * -d. . 

d 

For the particular case kd^ * 2ir -j- << 1 (110b) will reduce to: 
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NR db - 10 log [1 + (2Q o V + 4Q o X (Qq 1 “ 1)1 for llcdj^ |«1 (111) 

For |kdjJ«l che Noise Reduction coefficient NR^ does not depend on the 
posltiou of the source microphone z * -d^. 

For the case where the values of kd^ are not small, the last three 
terms of (110b), which include the trigonometric functions, will oscillate 
very much by a small change of frequency, especially at the high frequency 
region. The average non oscillating part of the Noise Reduction coeffi- 
cient NR db ®ay be found from (110b) by eliminating the oscillating terms: 


NR db - 10 log [1 + 2(Q o R ) 2 + 2Q 0 I (Q q I - 1)] (112) 


From (105) and (108) one has: 

(113a) 
(113b) 

Substituting (113) In (112) one has: 


„ “n 

% • 11 * -T 
0) 


Du 

Pphc 


7 - sin^e] — cose 
4 cy 


J U> o p hu 

q o * a "T cos8 
(0 


u 

_ct o_ 

cy 2 
<0 


cos 6 


NR db - 10 log {1 + 2 tl - - 

<o p he 


“o Deo 2 . 4 fl1 2,to fl ,2 . 

-r sin 6j ( — cos8) + 

4 cy 


C0 2 <0 2 

+ 2 t-2 — — coseH— — — cos9 - l]} 
cy (o cy to 


(114) 


For the case where a » 0 and Q ■ 0 (110b) will become: 

o 
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M - 10 log [1 + 2(Q R ) 2 + 2Q R sin(2kd 1 cose) + 
db o o i 


+ 2(Q o R ) 2 cos(2kd 1 coa9)] 


( 115 ) 


where Q q Is defined in (113a) . Equation (115) has the same form as (54d) . 
The Noise Reduction coefficient NR db In (115) depends on the posi- 
tion of the source z ■ -d^. The average non-oscillating part of the Noise 
Reduction coefficient NR^ may be found from (115) in the form: 


NR db - 10 log [1 + 2(Q o V] 


(116a) 


Equation (116a) has the same form as (54e). Substituting (113a) in 
(116a) one has: 


NR db - 10 log [1 + 2(1 - 


Dol 


j sin 4 e) 2 (-**- cose) 2 ] (116b) 


Pphc 


cy 


where NR db is the average value of the Noise Reduction coefficient NR db 

over the local oscillations of the curve due to a finite value of the source 

position z ■ -d. . For <o ■ 0 (116b) becomes identical with (54e). For 
1 2 0 

the case where ■ ■ ; sin 0 << 1 equation (116b) will have the form: 

P p hc 


NR db - 10 log (1 + 2[~ cos6] 2 [1 - -^-] 2 } 


(117) 


where y » — Equation (117) gives the local average of the Noise Reduc- 
tion coefficient NR db for the case of an infinite plate, subject to 
stiffness, expressed in the form of a resonance frequency For the 


case u ■ u> one finds from (117) that the local average Noise Reduction 
o 

coefficient NR^aO. Some additional discussion of the results In the pre- 
sent chapter will be found In a later chapter on the experimental results. 
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CHAPTER VII 


FREE VIBRATIONS OF THE FINITE PANEL 

la the present chapter the characteristic resonance frequencies of the 
free vibrations of the damped oblique finite panel (plate) in the rigid 
duct will be discussed. Other possible resonance effects will be also 
considered and a general formulation of the Noise Reduction coefficient 
will be given. 

Let the clamped rectangular plate of dimensions "d" and "b" be situated 
obliquely in the rigid rectangular duct of cross-section dimensions "a" and 
"b." The angle between the axis of the duct and the normal to the plate will 
be 0. Thus, one dimension of the rectangular plate will be the same as 
one dimension of the rectangular duct, while the other dimension will be 
related as follows: 

a ■ d cos 8 b ■ b (118) 

For the plate normal to the axis of the duct one will have 0-0 and a ■ d. 

Let the coordinates (€,y,n) be associated with the oblique plate, 
where £ » 0, £ ■ d, y ■ 0, y ■ b describe the clamped edges of the plate, 
with n being the coordinate normal to the plate. The boundary conditions 
of the clamped plate (panel) will be given by: 


n * 0 

at 

£ ■ 

0 

and 

£» 

d 

(119a) 

In - o 

n 

at 

£ - 

0 

and 

£ * 

d 

(119b) 

n * 0 

at 

y * 

0 

and 

y - 

b 

(119c) 

a 

o 

at 

y - 

0 

and 

v m 

b 

(119d) 
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The notion of the free vibrations of the damped oblique finite panel (plate) 
in the rigid duet as a function of tine could be described in the form: 


n<C»y»t) 


A m „ C0 ® 

m,n 


SSL 


cos 


nry e «io»t 


( 120 ) 


The value of the lateral displacement n(5»y»t) in (120) obeys the boundary 

conditions (119b) and (119d) of the clamped plate at the edges, but does 

not obey the boundary conditions (119a) and (119c). Equation (120) has 

been chosen in this form, since for normal plate (panel) in the rigid duct 

0 * 0, d ■ a, and £ ■ x, it has the same form as the acoustic wave mode 

(a,n) propagating in the rigid duct. The boundary conditions requirement 

in (119a) and (119c) that n * 0 at the edges of the clamped plate will 

introduce interaction between the different vibration modes (m,n) of the 

clamped plate. The amplitude A in (120) of one vibrational mode of the 

m,n 

damped plate (panel) will be related to the amplitudes of all the other 

vibrational modes (m,n) of the clamped plate (panel). However, in the 

present case we are interested in finding the values of the characteristic 

frequencies of the free vibrations of the plate and not their amplitudes. 

One is able to find these characteristic frequencies of the free vibrations 

of the plate by using (120) in the following. 

Taking p * 0 in (29a) one will have for the case of harmonic time 
z 

variation: 


A 



0 


( 121 ) 


4 

where 7 
one will 


- < 4 + 4 ^ 

H 3y 

obtain: 


the present case. 


Substituting (120) in (121) 
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i 


where (124) gives che resonance frequencies of Che oblique place (panel) 
in terns of che dimensions of che cross-section of Che duct. For a clamped 
place perpendicular to che axis of che ducc one cakes in (124) 0 « 0. 

For a rigid ducc with a square cross section a ■ b one could rewrite 
(124) in che form: 

a ■ t(° C086 ) 2 + n 2 ] a ■ b (125) 

The resonance frequency f of che oblique place (panel) in che duct may be 
found from (125) in the form: 

e <*• E \ f D ,2 2 a 2, v 

" " 2? v' v to cos 9 + a 1 (126s) 

i 

2 2 

using Che trigonometric identity sin 6 + cos 6 ■ 1 (126a) may be rewritten 
in Che form: 
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(126b) 


1 " 2»*\/5 l ° 2 + ° 2 ~ “ 2 * in261 

Where (126b) gives the resonence frequencies of the oblique piste for mode 
(m,n) which will produce ecoustlc wave* of the ‘same frequency. 

For the pertlculer cese of e piste (penel) perpendicular to th * axis 
of the duct 8 • 0, one has from (126b): * 


f 



.2 2 . 
[m + n ] 


for 8*0 


’ (127) 


For each mode of vibration (m,n) or (n,m) , one will have one resonance 
frequency of the normal plate given in (127) , but two resonance frequencies 
of the oblique plate given in (126). Thus, for the square rigid duct the 
number of the plate resonance frequencies for the oblique pl*,ve 
will be doubled of that of the normal to the axis plate. 

Let a uniform plane wave of the fundamental mode in the rectangular 
duct be propagating in the positive z-direction in the form: 


p i * 




i(kz-wt) 


(128a) 


U mh. e i(k*-wt) 

zl pc 


(128b) 


where k - u>/c, and the losses in the lossy duct have been neglected. Let 
the uniform plane wave be reflected by the back wooden panel of the rec- 
tangular duct, and the reflected uniform plane wave will propagate in the 
negative z-direction in the form: 


P 


r 


-i(kz+wt) 

P R 6 


(129a) 


. _ h -i(kz4wt) 
zr pc 


(129b) 
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Taking the back woodan panal Co ba rigid and aleuacad at * • L, ona haa cha 
boundary condition u Q - 0, and from (128b) and (129b) one obcalna: 


0 



z b L 



£l # i(kL- w c) _ fk # -i(kLrf w c) 
pc pc 


(130a) 


From (130a) ona haa: 


Pa " Pt • 


12kL 


(130b) 


If one aseumee that the back wooden panel ia not rigid, but la a purely 
reactive eurface, which will causa phaae ahift -2$ during the reflection, 
one will obtain (130b) in the fora: 


P R 


i2(kL-<>) 

h * 


(130c) 


The total pressure field of the incident and reflected waves may be found 
from (128a), (129a) and (130c) in the fora: 


p l + p r 


• +lkl * P, 


t 12(U-») t -ikx 


(131) 


The magnitude of the total pressure at any point 2 s z 0 may be found from 
(131) in the form: 



e ikz 0 + e i2(kL-^) e -ikz 0| . 


. p | < ,i(kW)|| e ilkz 0 -(kL-^)] + e -i(kz 0 -(kL-«)- J | 


(132a) 


Prom (132a) on* obtains: 


l p U- 5 o * 2 Pl |cos{k(s 0 -L) ♦ bl! ■ 

• 2pj |cosf k(L-z 0 ) - $] j (132b) 

If tha acoustic iopadanca of ths wall is a function of the frequency, on* 

has $ • $(u). For tha casa |p| *0 ona requires in (132b): 

z z o 

k(L - z 0 ) - b • (2n + 1) f (n - 0, 1, 2.3... .) (133) 

Taking k - w/c - 2irf/c on* obtains from (133) tha characttrisclc frequencies 

for minimum magnitude of tha pressure at the receiver microphone situated 

at i • r. 
o 


g n ' 2 I (2a * 1) 1 + * 


— s r ISL+JL 

L - z. 1 4 + 2 tt J 


For b • 0 (134) will become 


f In+J. . c_ ( n + lj 

n L - z 4 l - z„ { 2 U' 
o o 


For s ■ - J (134) will become 


f 


n 


- -5 — a 

L - z 2 
0 


(134) 


(b • 0) (135a) 


(b - - j) (135b) 
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For ♦ • + y (134) will become 


£ — (£. + k) 

L - z„ k 2 2 } 
0 


($ * + y) 


(135c) 


Ocher possible cases could be found from (134). 

When a plane acoustic vave propagating in the rigid duct parallel to 
ics axis, is incident on the oblique place (panel), there will be an oblique 
reflected acoustic wave. This reflected acoustic wave will be reflected 
obliquely back and forth from the duct walls and will travel back to the 
transmitter microphone. In addition, the incident plane acoustic wave will 
cause the oblique plate to vibrate at the same frequency. These vibrations 
of the place will produce a transmitted acoustic plane wave which will 
propagate parallel to the duct axis to the receiver microphone. This transmitted 
acoustic plane wave will also propagate as the fundamental mode in the rigid 
duct and will be reflected by the wooden back panel. The Noise Reduction 
coefficient NR^ may be found in the following form for the present case 


by using (54b) : 


^db ' 10 


log | a - iq) r 1 M i c ° 85 -iQ. I *< f) | 


(136) 


In (136) it has been assumed that the phases and amplitudes of the incident 
and transmitted acoustic plane waves of the fundamental acoustic mode in the 
rigid duct are the same as in the infinite plate. However, since the reflected 
acoustic plane wave will be reflected obliquely back and forth among the 
duct walls until it reaches the transmitter microphone, it has been assumed 
chat ics amplitude remains the same as before in the rigid duct, while 
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its phase <Kf) will be a function of the frequency f of the wave. The 
phase delay <l/(f) in the case of the reflected oblique acoustic wave will be 
caused by the additional length it transverses, as well as the phase difference 
caused by its oblique reflection each time from the duct walls. From (136) 
one obtains: 

NRjk « 10 logj(l - iQ) [cos(kd^cose) - i sin(kd^cose) ] - 

- iQ[cosijj + i sini|(]| 2 (137a) 


where the phase delay of the reflected wave from the oblique place (panel) 
in the duct to the transmitter microphone is given by $ * ^(f) . From 
(137a) one obtains: 

* 10 logj lcos(kdjCOS9) - Q sin(kdjcose) + Q sim|»]- 
- itsin(kd^cosd) + Q cos(kd^cosQ) + Q cos^] | (137b) 

From (137b) one has: 

■ 10 log{[cos(kd^cos6) - Q sin(kd 1 cos0) + Q sini|»] 2 + 

+ [sin(kd^cose) + Qcos(kd^cose) + Q cosif;] 2 } (138a) 

Opening the brackets in (138a) and using the trigonometric identities: 

2 2 
cos a + sin a * 1 

cos (8 + y) » cosS cosy - sinS siny 

sin(S + y) * sinS cosy + cosS siny 


m 
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one ob Cains: 


NR db - 10 log [ 1 + 2Q 2 + 2Qsin(kd^cosd + *) + 

+ 2Q 2 cos(kd^cos8 + d») 3 (138b) 

where ij> » is che phase delay of the oblique reflected wave. For 

the particular case of ■ ty(f) ■ kd^cosd Eqn. (138b) is identical with 
(54d). Denoting the average value of the Noise Reduction coefficient 
by NR^ °ne obtains from (138b) : 

NR db - 10 log [1 + 2Q 2 ] (139) 

where (139) is identical with (54e) . One sees from (138b) that the Noise 
Reduction coefficient NR.. , found as a function of the wave frequency f> 

uD 

will oscillate around the average value NR db given in (139) . 


CHAPTER VIII 


EXPERIMENTAL AND NUMERICAL RESULTS 

In the present chapter the theory, which has been given in this 
report, will be applied in order to analyze and calculate some of the 
outstanding aspects of the experimental results. Figure 2 and Figure 3 
give the experimental set up for the oblique aluminum plates (panels) 
in the duct. Figure 4 gives for reference the experimental Noise 
Reduction curve NR^ when the panel is perpendicular to the axis of the 
duct, l.e. the angle between the normal to the panel and the axis of the 
duct is 9 ■ 0°. Figures 5, 6, 7 and 8 give the experimental Noise 
Reduction curve NR^ when the angles between the normal to the panel 
and the axis of the duct are, respectively, 0 * 15°, 0 ■ 30°, 0 • 40° 
and d * 60°. The basic dimensions of the cross-section of the duct are: 

Length x Axis: a ■ 18" * 0.4572 m 
Width y Axis: b - 18" - 0.4572 m 

In the Beranek tube the boundaries of the square duct are given by 
hardwood, which could be considered to be rigid for the present. As 
can be seen from Figure 2 and Figure 3, the dimensions of the special 
test section are larger than the rest of the duct, and the walls of the 
special test section are covered by absorbing material. However, the 
dimensions of the cross-section of the air part in the special section 
are the same as above. The main effect of the absorbing material as a 
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boundary of Che special test section of Che duct will be to cause 
additional phase shift, and some attenuation, in the* reflected wave, as 
it is reflected back and forth between the boundaries of the special 
test section of the duct. The aluminum panels, which give the Noise 
Reduction curves in Figures 4, 5, 6, 7 and 8 have the following 
dimensions : 


Thickness: h • 0.025” ■ 0.635 mm * 0.635 x 10 m 


Length x Axis: d - 


a _ 18" _ 0.4572 m 
cos6 cose cosd 


Width y Axis: b ■ 18" ■ 0.4572 m 


where 0 ■ 0°, 15°, 30°, 40°, 60° for the different cases in the 
corresponding Figures 4, 5, 6, 7, and 8. 

The material and the mechanical properties of the aluminum panels 
are as follows: 


Material: Alclad 2024T3 Aluminum 


3 3 

Density » » 2.7 x 10 kg/m 

in ? 

Young Modulus of Elasticity * E ■ 7.0 x 10 4 N/m 


Poisson's Ratio « v ■ 0.3 


1 - v 4 - 0.91 


H 


The experiments were done in Lawrence, Kansas at about 1,000 ft 
above sea level, under the following conditions of the air: 
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Temperature - T - 21°C • 70°F - 294.15°K 

2 

Pressure ■ P ■ 0.97735 atmosphere » 97,735 N/m 

3 

Density • p • 1.1575 Kg/m 

Velocity of Acoustic Waves ■ c * 343.8 m/sec 


The coupling parameter u between the aluminum panel and the air 
may be calculated from the above: 


?p 2 x 1.1575 
v " p h " 2.7 x 0.635 


1.350 1/m 


The analysis of the experimental results will be divided into 
several parts according to the particualr aspect of the physical phenomena 
to be discussed. 

A. The Average Noise Reduction Coefficient NR db : The average Noise 

Reduction coefficient NR db for the infinite plate is given in (54e) in 
the form: 



10 log [1 + 2Q 2 ] 


(140) 


where one has from (53a) and (53b) : 


Q - rl - (— ) 4 sin 4 ei - cose - [1 - sin 4 0 ]- cose (141a) 

1 Y U p he 4 y 

P 

Eh 3 

where D - ■ y . It should be pointed out that the average Noise 

12(1 - v ) _ 

Reduction coefficient NR db for the infinite panel given in (140) is 
identical with NR db for the finite panel given in (116b) for the case 
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Uq « u • This is Che case for most of Che frequency range under consi- 
deration in Figures 5, 6, 7 and 8, except in the lowest range of fre- 
quencies. It should be also pointed out chat NR., given in (140) is 

do 

identical with (139), where the multiple oblique reflection of the 
reflected wave from the oblique plate has been taken Into account. 

One may rewrite (141a) in the form: 


[1 - (y-) 2 sinS] j- cos0 


(141b) 


where the frequency f^ is defined in the following form upon comparing 
(141b) with (141a) and is evaluated by using the above numerical values: 



- 19,227 1/sec 


(141c) 


Since for the experiments under consideration f << f^, one obtains from 
(141b) for the present case: 


Q » — COS0 * — COS0 ■ (—) f COS0 
y yc yc 


(142) 


Substituting the numerical values one obtains from (142) 


2Q 2 * 2(~) 2 f 2 cos 2 0 - 3.6653 cos 2 0(~) 2 
yc 100 


(143) 


From (143) one has the following numerical values for the different 
angles : 
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2Q 

2Q 

2Q 

2Q 

2Q 



3.6653 (^) 2 
3.4198 (jfj) 2 
2.7490 (^y) 2 
2.1309 (fa 2 
0.9163 (fa 2 


for 0 » 0° (144a) 
for 0 - i5° (144b) 
for 0 - 30° (144c) 
for 0 - 40° (144d) 
for 0 » 60° (144e) 


Using the numerical results In equations (144) for the different 
angles In (140), one obtains the numerical values in Table A for the 
average Noise Reduction coefficient NR^. The numerical results in 
Table A are represented in Figures 5,6, 7 and 8 by the lower oblique 
straight line for high frequencies. The upper oblique straight line 
for high frequencies in the same figures, which is 2-3 decibels higher, 
represents the theoretical result, when the impedance of the absorbing 
material of the Beranek tube is taken into aaceunt, as derived and 
calculated in a previous report by Grosveld, which is listed in the 
Bibliography. It should be pointed out that the results in (140) and 
Table A are 3 decibels higher for the high frequency region (the oblique 
straight line region in Figures 5, 6, 7 and 8) than the relationship 
given in (52b) for the Transmission Loss coefficient TL^ which is 
also given by Beranek in his book. The slope of all the straight lines 
in Figures 5, 6, 7 and 8 at the higher frequency region is the same, 
namely, increase of the average Noise Reduction coefficient NR^ by 
6 decibels for every octave (- doubling of the frequency) . The same 
slope appears also in the straight lines in Figure 4, for the case of a 
panel perpendicular to the axis of the duct 0-0°. 
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TABLE A 



AVERAGE NOISE REDUCTION COEFFICIENT NR db (DECIBELS) 


£ 

9 - 15° 

9 - 30° 

at 

■ 

o 

o 

9 - 60° 

20 

0.557 

0.418 

0.358 

0.157 

50 

2.683 

2.271 

1.870 

0.895 

100 

6.454 

5.739 

4.984 

2.825 

200 

11.667 

10.790 

9.824 

6.689 

500 

19.370 

18.433 

17.386 

13.786 

1000 

25.353 

24.409 

23.346 

19.668 

2000 

31.364 

30.414 

29.520 

25.653 

5000 

39.320 

38.370 

37.306 



33.602 


Theoretical values calculated from (140) and (144) . 











B. Th« Noise Reduction Coefficient NR^: When a plane acoustic 

wave in the rigid duct parallel to its axis is incident on the oblique 
plate (panel) , the transmitted acoustic wave will be in the same direction 
towards the receiver microphone. The \raflected acoustic wave will be 
reflected obliquely back and forth from\ the duct walls cowards the 
transmitter microphone. Because of its Several oblique reflections, 
and its additional path length, the phase \of the reflected wave ip(f) 
when it reaches the transmitter mlcrophone\^ill be a function of the 
frequency. The corresponding Noise Reduction coefficient NR., is 


given in (138b) in the form: 


NR^ “ 10 log [1 + 2Q + 2Qsin(kd^cos0 + iji) + 


+ 2Q Z cos (kdjCosfl + ij») ] 


(145) 


where the phase of the reflected wave is a function of the frequency 
tfi ■ t|i(f). The values of the distance d^ from the center of the oblique 
panel to the transmitter microphone are given as follows: 


6 - 15 


6 - 30 


6 - 40 


0 • 60 fc 


d^ ■ 1.42 m 


d x - 1.32 m 


d^ » 1.26 m 


d^ • 0.94 m 


Comparing (145) with (140) one finds that, because the trigonometric 
functions in (145), the value of the Noise Reduction coefficient NR., in (145) 

aD 
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will oscillate around the average Noise Reduction coefficient 
These oscillations of the curve will be a function of the frequency of 
the incident acoustic wave, since ■ 41 (f) and k - u /c ■ ( 2 ir/c)f in 
(14S), and Q • Q(f) in (144). This trend of the Noise Reduction coefficient 
NR^ to oscillate around the average Noise Reduction coefficient 
is seen very dearly In Figure 5 (0 » 15°), Figure 6 (9 ■ 30°), Figure 7 
(0 * 40°) and Figure 8 (e » 60°), and is narked in those figures by 
a heavy black line. 

_ * 

This trend of oscillation does not appear in Figure 4 (e • 0 ) for * 

a 

the panel perpendicular to the axis. The reason is that in this case ^ 

41 (f) * kdjcose in (145), the result being given in (54d) for e • 0 C ^„. 
and kd^ « 1. The reflected wave for 0*0° propagates along the duct ♦ 

axis and does not bounce from the walls of the duct, and the transmitter 

» ' 




■> 


microphone z ■ ~d 1 is located very close to the panel. The oscillation 
trend of NR^ around NR^ will similarly disappear in the case of the 
different oblique panels in Figures 5, 6 , 7, and 8 if the transmitter 
microphone was to be located very close to the center of the oblique 4 

panel. However, In the present experimental set up this has not been *» 

possible to do. 

From studying the oscillation trends, marked by heavy lines in 
Figures 5, 6 , 7 and 8 , one finds that In Figure 5 (6 • 15°) one has only 
three peaks, in Figure 6 (9 • 30°) one has seven peaks, in Figure 7 (0 * 40°) 
one has six peaks, and In Figure 8 (0 ■ 60°) one has only two peaks. 

These results can be explained in the following way. In Figure 5 (9 ■ 15°) 
the panel is very close to being perpendicular to the axis (9 - 0°) , 
and the reflected wave bounce only once from the absorbing material in 



4 . 


c 
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fche special teat section as can be seen from Figure 9. As e result 
♦ (£) does not very with the frequency as much as in other cases, and 
one has only the peaks In Figures 5 (0 » 15°). In Figure 6 (e ■ 30°) 
and Figure 7 (e ■ 40°) the reflected wave bounces several times from the 
absorbing material in the special test section as can be seen from Figure 9. 
As a result <j»(f) in (143) varies very much with the frequency, and one 
has six or seven peak* in Figure 6 (0 ■ 30°) and Figure 7 (9 • 40°). 

Of particular Interest Is Figure 8 i8 ■ 60°) , where one has only two 

peaks. As can be seen from Figure 9 for 9 * 60°, in this case the reflected 
acoustic wave returns along the same ray as the incident acoustic wave, 
and bounces onJLy twice from the absorbing material at the special test 
section, both times from the same place. This explains why the oscillation 
trend In Figure 8 (9 ■ 6Q°) has only two peaks, the number of peaks 

being closer to 0 • 15° (three peaks) than either to 0 ■ 30° (7 peaks) 

* 

or to 9 ■ 40° (6 peaks). Thus the oscillation trends of the Noise 
Reduction coefficient for the different oblique panels have been explained 
qualitatively reasonably well by using acoustic ray theory. It has been 
fcui^d experimentally that the above oscillation trends of the Noise 
Reduction coefficient is independent of the thickness h of the -panel, 
and panels with different thickness h exhibit essentially identical 
oscillation trends. 

C. The Cavity Resonance ; From the experimental results for the 
Noise Reduction coefficient given in Figures 5, 6, 7 and 8 one finds 
that at the lowest range of the frequencies there are several peaks, 
both upward and downward. The resonance frequencies < 100 Hz are 


listed in Table B. 


TABLE B 
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CAVITY RESONANCE FREQUENCIES (f£* vity *< 100 Hz) 


Experimental values 


8 - 15° 

o 

o 

«*» 

■ 

4> 

a> 

• 

s* 

o 

o 

8 - 60° 

35 

32 

35,41 

33,38 

42 

45,48 

45,48 

45 


57,66 

53 


80,86 

79,85 

86 

72,85 


The resonance effect of the standing plane wave along the length 
of the Beranek tube will be called the cavity resonance effect and will 
be discussed in the present section. The cavity resonance effect is 
described by (134) in the forn: 

£ “ Vlty - L^T (--H + & <* • 0.1.2.3) (146) 

o 

where (L - z q ) represents the distance transversed by the reflected wave 
from the wooden back panel and $ ■ $(u) represents the phase shift of the 
reflected wave at the wooden back panel and any other possible reflections. 

In our experimental set up the distance of the wooden beck panel 
from the receiver microphone is: 

L - z - 99.5" - 2.527 m 
o 
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Taking the acoustic wavs velocity for T • 21°C - 70°F to b< c ■ 343.8 a/sac 
one obtains in (146) : 

{ ««»ity . SSjH [, ♦ i + i | l/MC (147) 

where t represents the additional distance factor transversed by the 
reflected acoustic wave after additional reflections, to be discussed 
later. If one cakes r ■ 1 , 4 ■ 0 and s • 0 in (147) one obtains: 

" 34,0 1/i€C (148) 

T-l 

where the theoretical result (148) agrees well with the first row of 
experimental resonance frequencies given in Table B. 

6s can be seen from Figure 2, the reflected acoustic wave froa the 
back wooden panel will have additional reflection from the oblique 
aluminum panel, as well as the absorbing side walls of the special test 
section, which will cause It a phase shift. It will also transverse 
additional distance after oblique reflection froa the aluminum panel 
before it reaches to the receiver alcrophone. Taking, for example, the 
additional distance transversed by the reflected wave to be 50Z longer, 
one will be required to divide (147) by a factor r ■ 1.5 in accordance 
with (146). Assuming in addition that 4 * “ j and taking s ■ 1, one 
will obtain from (147) : 

£ cavlty ; 4J >Q i/ MC (149) 

s-1 

t-1.5 
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where Che resulc (149) agrees well wlch Che second row of experlmencal 
resonance frequencies given in Table B. 

While Che addicional discance cransversed by Che reflecced wave 
can be calculated exactly for each case of reflection, there is not 
enough experimental data available for che phase shifc associated with 
each reflection. However, within the order of magnitude, it is found 
that the resonance frequencies listed in Table B result from (147), 
and therefore are the result of the cavity resonance phenomena, if one 
includes the possible additional multiple reflections by the reflected 
wave in the Beranek tube. 

D. The Acoustic Resonance : The acoustic resonance frequencies 

have been discussed in detail in a previous report by the present author 
listed in the Bibliography. It was fcund that for the case of normal 
Incidence on the plate in the square duct, the acoustic resonance fre- 
quencies are given by: 

.acoustic c \| 2 . 2 , n 

f ■•r-ym+n (9*0) (150) 

IQ f Q Zd * 

comparing (150) with (126b) one may find the acoustic resonance frequencies 
for the oblique plate to be in the form: 

^acoustic . c jl,! + „2 - m 2 sl „2 e ( 151 ) 

m,n la. > 

In order to use the numerical results of the previous report one could 
take m - 0 in (151), and substituting the corresponding numerical values. 


one obtains: 


TABLE C 


ACOUSTIC RESONANCE FREQUENCIES 





Experimental 

e * 15° 

8 - 30° 

o 

6 - 40 

8 - 60° 

366 

365 

380 

363 

X 

740 

X 

* 

i 

1,150 

X 

1,120 

X 

1,520 

1,500 

1,490 

1,540 

1 

1,890 

1,850 

1,900 

1 

X 

2,250 

2,250 

2,220 

2,260 

2,630 

2,630 

2,650 

X 

2,980 

3,000 

2,970 

2,980 

3,340 

3,400 

X 


3,760 

X 

3,820 

3,700 

4,200 

4,100 

4,080 

X 

4,560 

4,480 

4,580 

X 

4,800 

4,840 

X 

X 


Theoretical 


376.0 

752.0 

1.127.9 

1.503.9 

1.879.9 

2.255.9 

2.631.9 

3.007.8 

3.383.8 

3.759.8 

4.135.8 

4.511.8 
4,887.7 


Theoretical values calculated from (152). 
Experimental numerical values represent spikes, 
x represents a break in the experimental curves 
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acoustic 

o,n 


(152) 


- 375.98 n i 376.0 n (m - 0) 

where for mode (o,n) the resulting acoustic resonance frequencies are 
Independent of the angle 6. 

In Table C one finds the theoretical numerical values derived from 
(152) , as well as the corresponding experimental results values found 
from Figures 5, 6, 7 and 8. The experimental numerical values in Table C 
represent a major or a minor spike, upward or downward, while the x in 
Table C represents a break in the experimental curve. 

While the acoustic resonance frequencies may be calculated for every 
mode (m,n) in (151), they are almost impossible to identify experimentally 
in Figures 5, 6, 7 and '8, because of the large number and the close 
proximity of the plate resonance spikes, to be discussed later. The 
acoustic resonance frequencies for every mode (m,n) have been identified 
separately for the case of normal incidence on the panel (plate) for 
0 ■ 0° given in Figure A, and the results are given in a previous report 
by the present author listed in the bibliography. 


E. The Wooden Back Panel Resonance s Although the wooden back 
panel la relatively massive. It can t.ct as a resonator under the Influence 
of the plane acoustic wave Incident upon It. Thus, the wooden back 
panel excites reflected plane acoustic waves at frequencies of its own 
wooden "plate" resonance. It was found in a previous report by the present 
author listed in the Bibliography that for the wooden back panel one has: 

fWood , 155 (ffl 2 + t .2 ) (153) 

m,n 

Table D gives the theoretical numerical values for the different modes, 
together with the corresponding experimental resonance spikes in 
Figures 5, 6, 7, and 8. All the listed experimental numbers in Table D 
are of large or small separate upward or downward spikes, while the x 
represents corresponding breaks in the curve or minor spikes. While 
the experimental and theoretical results in Table 0 indicate that the 
back wooden panel is a source of numerous spikes, both upward and down- 
ward, it can be tested further if this is really the case. A repetition 
of the same experiments without the back wooden panel, and a comparison 
of the spike formation in the present experimental results given in 
Figures 5, 6, 7 and 8 and the proposed experiments will hopefully 
decide the issue. 
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TABLE D 

WOOD RESONANCE FREQUENCIES 


[ I 

*■ 1 

1 

| 

j m-n 

2.2 
m +n 

Theoretical 

Experimental 

0 - 15° 

6 - 30° 

o 

o 

<» 

a 

<r> 

9 - 60' 

E 

; l-o 

** 

X 

155 

159 

150 

151 

144 

F 

1-1 

2 

310 

327 

300 

320 

311 

l. 

; 2-0 

4 

620 

625 

610 

620 

640 

r 

2-1 

5 

775 

X 

800 

800 

X 

r* 

2-2 

8 

1,240 

1,210 

X 

1,220 

1,280 

r 

3-0 

9 

1,395 

1,400 

1,400 

1,440 

1,370 

r 

3-1 

10 

1,550 

1,540 

1,600 

1,570 

1,540 

L 

3-2 

13 

2,015 

2,000 

2,050 

2,000 

2,000 

r 

4-0 

16 

2,480 

2,440 

2,540 

2,520 

2,480 


4-1 

17 

2,635 

2,630 

2,620 

X 

X 

r 

* * 

3-3 

18 

2,790 

2,820 

X 

2,750 

2,800 

r 

4-2 

20 

3,100 

3,150 

3,010 ! 

3 

3,080 

3,100 

I 

t i 

4-3 

25 

3,875 

3,830 

3,800 : 

3,860 

3,910 

r 

5-0 

25 

3,875 

3,830 

3,800 

3,860 

3,910 

i ■ 

5-1 

26 

4,030 

4,020 

4,040 

4,080 

4,090 

r 

5-2 

29 

4,495 

4,410 

4,450 

4,500 

4,500 


4-4 

32 

4,960 

4,950 

5,000 1 

l 5,000 

5,000 




Theoretical values calculated from (153). 

Experimental numerical values represent spikes, 
x represents a break or a minor spike Inthe experimental curves 


F. The Plate Resonance : It has been shown in Che previous chapter 


that the free vibrations of the panel (plate) will establish plate acoustic 
wave resonance modes (m,n) of the clamped oblique plate in the rigid 
duct, as given by (126a) or (126b). These acoustic wave plate resonance 
modes have a frequency which is much below the cut off frequency of the 
corresponding higher order modes of the acoustic waves in the duct, and 
therefore will not propagate at all in the duct. Their effect is prim- 
arily a near zone effect near the plate and thus will effect the receiver 
microphone near the oblique panel. These panel resonance frequencies will 
also interact with the plane acoustic wave excited by the plate, and the 
plane acoustic wave of the fundamental mode of the acoustic wave in the 
duct will propagate in the duct at all frequencies, since Its cut off 
frequency in the rigid duct is zero. By these two aspects the plate (panel) 
resonance modes will affect the microphones. The Incident acoustic plane 
wave of the fundamental mode in the duct and the oblique reflected acoustic 
wave will be superimposed in the transmitter microphone. The phase of the 
oblique reflected acoustic wave will be determined by the length of its 

path, as given in Figure 9, and by the'phase change at the various 

oblique reflections from the oblique plate and the duct walls. The trans- 
mitted acoustic plane wave of the fundamental mode in the duct and the 

plate acoustic resonance mode will be superimposed in the receiver micro- 

phone, as well as the reflected acoustic wave from the wooden back panel. 

An upward spike (■ large noise reduction) in the experimental curves 
of Figures 5, 6, 7 and 8 will mean that the waves are added in phase 
in the transmitter microphone, but out of phase in the receiver micro- 
phone. A downward spike (■ small noise reduction or even "amplification") 
in the experimental curves of Figures 5, 6, 7 and 8 will mean that the 
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waves are added out of phase in the transmitter microphone, but in 
phase in the receiver microphone. 


Equation (126b) gives the oblique plate resonance frequencies in 
the following form for a square duct a ■ b: 


^plate 


2a“ '/ p 



D 2 2 2 ,2 

* 1/,“ + n “ m 8ln 
P 


(154a) 


Substituting the value of D 


Eh 


12(1 - v ) 


in (154a) one obtains: 


f plate _ _jh\ f 

m « n 2a 2 Vl 


E r 2 . 2 2 . 2., 

t— [m + n - m sin 0 ] 


(154b) 


12 Pp(l - v ) 


Using the numerical values for the present case from the beginning of 
this chapter, one obtains for the plate resonance frequencies: 


f plate . 7.353 lm 2 + n 2 . m 2 sin 2 0 ] 

m,n 


(154c) 


All the calculated theoretical plate resonance frequencies for the range 
of frequencies under consideration and for the angles 0*0°, 15°, 30°, 
40°, and 60° of the inclined panel are listed in Appendix A. 

For the case 0 * 0° the last term in (154) will become zero. Thus 
for 0 * 0 ° the plate resonance frequency for mode (m,n) is the same 
as the plate resonance frequency for mode (n,m) for the square duct, and 
the two plate resonance < odes are degenerate for 3*0°. This is 
not the case for 0 4 0 °, where the two plate resonance frequencies 
for mode (m,n) and mode (n,m) are different. This explains why the 
number of the spikes in the experimental curves in Figure 5 (9 * 15°) , 
Figure 6 (0 ■ 30°), Figure 7 (0 - 40°) and Figure 8 (0 • 60°) is so 


much larger eban Che number of spikes in Figure 4 (0 • 0 6 ) for 
Che case of Che plate perpendicular to the axis. 

For the case of a damped plate perpendicular (9 * 0°) to 
axis of a rectangular duct one has from (120) : 

n(x,y,t) *A cos cos 

m»n a d 

where the plate edges are given by x » 0, x » a, y « 0, y ■ b. 
could transform the origin to the center of the place by using 
set of rectangular coordinates (x', y') as follows: 



a b 

where the clamped plate edges are given by x' » and y' » 
tutlng (156) into (155) one obtains: 


n(x',y’,t) - A cos ~ (x' + 7) cos ~ (y' + 7) 


m,n a 


which could be rewritten as follows: 


, , , . , , mxx . mx N ,nxy . nx. 

n(x;y',t) - A m n cos (— + — ) cos (-f - + — ) 


From trigonometric identities one has: 


, nxx . mx x mxx mx 

cos( + -X - ) * cos C03-T* 

a l a 1 


. mxx mx 

sin sir -r* 

a 2 


the 

(155) 

One 
a new 

(156) 
Substl- 

(157a) 

(157b) 

(158) 
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Since the Incident plene acoustic wave of the fundamental mode in the 
duct has an even symmetry around the axis of the duct, one allows only 
even functions in (158) for the place displacement. This will require 
in (158) that the second term on the right hand side will disappear, 
l.e. the characteristic mode number m should be an even number. For 
the same reason, the characteristic mode number n should be also an 
even number. Taking both (m,n) to be even numbers, one will obtain from 
(158) and (157b): 

n (x',yjt) - ±A m>n cos cos (159) 

This explains why only the even-even plate resonance modes, where both 
(m,n) are even numbers, should be considered for the plate perpendicu- 
lar to the axis 9*0°. 

When the plate is oblique in the x-z plane to the axis of the duct 
(6 i 0°), the even symmetry consideration is not valid in the x-direction, 
and both even and odd numbers should be taken for m, while n should 
include even numbers only. This is another reason why the number of 
spikes in Figures 5, 6, 7 and 8 is so much larger than in Figure 4 for 
normal incidence (8 - 0°) . Of course under the experimental sec up 
the even symmetry is not perfect, and some odd symmetry is Introduced 
in both directions. For completeness sake, both odd and even numbers 
will be considered for both (m,n) in all the following tables. 

In the following tables all the frequencies of the distinct 
experimental resonance spikes, both downward and upward, are listed from 
Figure 4 (a • 0°) , Figure 5(0- 15°) , Figure 6 (8 - 30°) , Figure 7 


(6 • 40°) and Figure 8 (0 » 60°) . Next to each experimental resonance 
spike frequency Che theoretical plate resonance nodes (m,n), which have 
approximately the same frequency, are identified and are also listed. 
These theoretical results are taken from Appendix A, there the theore- 
tical plate resonance frequency for each mode (m,n) has been calculated. 


TABLE E-l 

PLATE RESONANCE FREQUENCIES (e - 0°, DOWNWARD SPIKES) 


Spike Frequency 
Experimental 

Theoretical Place Resonance Modes (m-n) 

62 

(2-2), (3-0), (0-3) 

220 

(4-4), (5-2), (2-5) 

380 

(6-4), (4-6), (7-2), (2-7) 

620 

(9-2), (2-9), (7-6), (6-7) 

920 

(8-8) , (10 -5) , (5-10) , (11-2) , (2-11) 

1280 

(12-6), (6-12), (13-2), (2-13) 

1650 

(12-9), (9-12), (15-1), (1-15), 
(15-0), (0-15) 

2400 

(18-0), (0-18), (18-2), (2-18), 
(15-10), (10-15) 

3000 

(20-2) , (2-20) , (17-11) , (11-17) , 
(19-7), (7-19) 

3300 

(16-14) , (14-16) , (15-i *) , (21-3) , 
(3-21) 

3800 

(18-14) , (14-18) , (22-6) , (6-22) , 
(17-15), (15-17) 

4300 

(22-10) , (10-22) , (19-15) , (15-19) 

4600 

(22-12) , (12-22) . (25-1) , (1-25) 


85 




I 

I 
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TABLE E-2 

PLATE RESONANCE FREQUENCIES (0 - 0°, UPWARD SPIKES) 









TABLE P-1 


PLATE RESONANCE FREQUENCIES (6 - 15°, DOWNWARD SPIKES) 


Spike Frequency 
Experimental 

Theoretical Plate Reaonance Modes (m-n) 

42 


86 


280 

(6-2), (2-6), (5-4), (1-6) 

327 

(3-6), (7-0) 

366 

(6-4), (0-7), (1-7), (7-2) 

430 

(8-0), (6-5), (5-6), (3-7) 

487 

(2-8), (1-8) 

6S0 

(5-8), (3-9) 

1080 

(2-12), (7-10), (11-6), (1-12) 

1290 

(6-12) , (10-9) , (9-10) , (11-8) , (13-4) 


(4-16) , (16-6) , (9-14) , (7-15) , (15-8) , 
(17-1) 

2250 

(18-2) , (12-13) , (14-11) , (15-10) , (7-16) 

2630 

(6-18), (12-15), (16-11) 

2820 

(8-18),(16-12) , (13-15) , (5-19) , (19-7) 

3150 


3600 

(2-22) , (10-20) , (16-16) , (22-6) , (17-15) , 
(7-21), (21-9) 

4250 

(0-24) , (2-24) , (21-13) , (7-23) , (23-9) 

4630 

(8-24) , (18-18) , (20-16) , (17-19) , (21-15) , 
(1-25), (3-25), (25-7), (7-25) 

4800 

(15-21) 
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TABLE P-2 


PLATE RESONANCE FREQUENCIES (9 - 15°, UPWARD SPIRES) 


Spike Frequency 
Experimental 

Theoretical Place Resonance Modes (o-n) 

35 

(0-2), (2-1) 

80 


160 


187 

(0-5) , (1-5) 

270 

(0-6), (6-2), (1-6) 

291 

(2-6), (4-5) 

356 

(6-4), (5-5), (0-7) 

404 

(7-3) 

475 

(0-8), (4-7), (1-8) 

520 

(6-6), (7-5) 

550 

(8-4), (9-0) 

825 

(9-6), (11-0), (11-1) 

1040 

(0-12) , (12-2) , (8-9) , (10-7) , (12-3) 

1150 

(4-12) , (10-8) , (9-9) . (6-11) , (13-1) , (13-0) 

1210 

(7-11), (5-12), (13-3) 

1640 

(9-12), (13-8), (0-15) 

1810 

(14-8) , (9-13) , (5-15) , (15-6) , (16-3) 

2120 

(6-16) , (10-14) , (15-9) , (16-7) . (1-17) 

2440 

(12-14) , (13-13) , (15-11) , (9-16) , (7-17) 

3070 

(4-20) , (10-18) , (13-16) , (19-9) , (21-3) 

3480 

(20-10), (11-19) 






TABLE P-2 (Continued) 


Spike Frequency 
Experimental 

Theoretical Plata Resonance Modes ( 

*0 

3920 

(12-20), (21-11), (3-23) 


4130 

(18-18) , (17-17) , (19-15) 


4410 

(24-8), (13-21), (9-23) 


4800 

(15-21) 
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TABLE G-l 

PLATE RESONANCE FREQUENCIES (6 - 30°, DOWNWARD SPIKES) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

32 

(0-2) ,(2-1), (1-2) 

48 

(2-2), (3-0) 

66 

(0-3) 

85 

(4-0), (2-3) 

163 

(3-4), (5-2) 

193 

(6-0), (1-5) 

258 

(0-6), (5-4), (6-3) 

350 

(4-6), (8-0) 

380 

(8-2), (6-5), (2-7), (7-4) 

430 

(4-7), (8-3), (9-0) 

500 

(2-8), (5-7), (9-3) 

610 

(8-6) , (5-8) , (0-9) , (1-9) ,(2-9) , (10-3) 

800 

(10-6) , (6-9) , (9-7) , (3-10) , (12-1) 

1020 

(10-8), (7-10), (5-11), (11-7) 

1440 

(0-14) , (16-2) , (10-11) , (6-13) , (1-14) , 
(14-7), (15-5) 

1600 

(10-12) , (8-13) , (15-7) , (16-5) , (17-1) 

2100 

(6-16), (11-14), (9-15) 

2390 

(0-18) , (2-18) , (13-14) , (7-17) 


(4-20) , (21-9) , (23-3) 

3780 

(6-22), (16-18), (26-2), (25-7) 

4450 

(6-24), (15-21) 








TABLE G-2 


PLATE RESONANCE FREQUENCIES (9 » 30°, UPWARD SPIKES) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (o-n) 

45 

(3-0) 

57 

(2-2), (3-1) 

79 

(4-0), (3-2) 

150 

(4-3) 

179 

(0-5) 

300 

(6-4), (3-6), (7-2) 

365 

(4-6) , (8-0) , (0-7) , (1-7) , (8-1) 

412 

(5-6), (3-7), (8-3) 

464 

(6-6) , (8-4) , (7-5) , (1-8) , (9-1) 

643 

(10-4), (7-7), (3-9), (9-5) 

1400 

(8-12) , (16-0) , (11-10) , (12- 9) , (5-13) , 
(13-8) , (16-1) 

1500 

(4-14) , (12-10) , (9-12) , (7-13) , (15-6) 

1850 

(12-12), (6-15), (15-9) 

2190 

(20-0) , (13-13) , (10-15) , (17-9) , (19-5) 

2530 

(14-14) , (18-10) 

3500 

(10-20) , (7-21) , (23-9) , (25-3) 

4040 

(14-20) , (21-15) , (5-23) 

4700 

(5-25) 



TABLE H-l 


PLATE RESONANCE FREQUENCIES (6 - 40°, DOWNWARD SPIKES) 

• 

Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

35 

(0-2), (1-2) 

45 

(2-2), (3-1) 

53 


100 

(3-3), (5-0) 

163 

(6-0) , (3-4) , (6-1) 

210 

(2-5), (6-3), (7-0), (7-1) 

320 

(4-6), (7-4) 

400 

(8-4), (3-7), (7-5) 

575 

(7-7), (5-8), (11-3) 

690 

(10-6), (7-8) ,(12-3) 

800 

(4-10) , (7-9) , (10-7) , (11-6) , (12-5) , (13-3) 

i 

900 

(6-10) , (10-8) , (0-11) , (1-11) , (2-11) , (13-5) , 
(14-3) 

1100 

(12-8) , (14-6) , (16-0) , (9-10) , (7-11) , (3-12) , 
(13-7), (15-4), (16-1) 

1220 

(6-12) , (16-4) , (9-11) , (12-9 ) , (14-7) , (15-6) 

1680 

(12-12) , (18-6) , (10-13) , (14-11) , (2-15) , 
(16-9) 

i 

1900 

(0-16) , (2-16) , (14-12) , (1-16) , (19-7) , (21-1) 

2380 

(0-18) , (2-18) , (13-15) , (11-16) 

2500 

(12-16) , (24-2) , (14-15) , (17-13) , (21-9) ] 

2750 

1 

(14-16) , (24-6) , (16-15) , (5-19) , (25-3) 

3080 

(6-20), (15-17), (25-7) i 





TABLE H-l (Continued) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

3400 

(10-20) , (17-17) , (13-19) 

3620 

(4-22), (20-16), (15-19) 

4080 

(16-20), (7-23) 

4750 

(7-25) 
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TABLE 1-1 


PLATE RESONANCE FREQUENCIES (6 - 60°, DOWNWARD SPIRES) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

33 

(0-2) , (2-2) , (4-0) , (1-2) , (4-1) 

45 

(3-2), (5-0), (5-1) 

85 

(3-3), (7-0) 

119 

(0-4) , (2-4) , (8-0) , (1-4) , (5-3) , (7-2) , 
(8-1) 

144 

(4-4), (8-2), (9-0) 

180 

(6-4) , (10-0) , (0-5) , (1-5) , (8-3) , (9-2) 

225 

(10-2), (5-5), (9-3) 

244 

(10-3), (11-2) 

325 

(6-6), (12-3), (13-1) 

350 

(14-0) , (0-7) , (7-6) , (11-4) , (13-2) 

398 

(14-2), (4-7), (5-7), (11-5) 

464 

(0-8), (14-4), (16-0), (1-8) 

530 

(6-8) , (12-6) , (15-4) , (16-3) , (17-1) 

640 

(10-8) , (14-6) , (18-2) , (5-9) 

1170 

(8-12) , (12-11) , (21-7) , (23-5) , (25-1) 

1280 

(26-2) , (11-12) , (4-13) , (5-13) 

1460 

(2-14) , (4-14) , (20-10) , (11-13) , (3-14) 

1900 

(2-16) , (4-16) , (16-14) , (3-16) , (19-13) 

2180 

(20-14) , (13-16) , (5-17) , (17-15) 

2800 

(9-19), (19-17) 


(6-20), (18-18) 

3240 

(1-21) 
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TABLE 1-1 (Continued) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

3970 

(7-23) 

4600 

(1-25) 

4780 


4950 

(0-26) , (2-26) 







TABLE 1-2 

PLATE RESONANCE FREQUENCIES (6 - 60°,* UPWARD SPIRES) 


Spile* Frequency 
' Experimental 

Theoretical Place Resonance Modes (m-n) 

38 

(2-2), (1-2) ,(4-1) 

72 

(6-0) , (0-3) , (1-3) , (2-3) , (5-2) , (6-1) 

113 

(0-4) , (8-0) , (1-4) , (5-3) , (7-2) 

132 

(2-4), (3-4), (6-3), (8-1) 

183 

(6-4) , (10-0) , (0-5) , (1-5) , (8-3) , (9-2) , 
(10-1) 

235 

(8-4), (5-5), (11-1) 

311 

(10-4), (5-6), (8-5), (13-1) 

347 

(14-0), (7-6), (11-4) 

363 

(0-7), (1-7), (2-7), (14-1) 

410 

(5-7) , (9-6) , (11-5) , (15-0) , (15-1) 

500 

(4-8), (9-7), (11-6), (13-5) 

560 

(7-8) , (10-7) 

990 

(12-10) , (16-2) , (20-6) , (22-4) , (7-11) , 
(21-5), (23-1) 

1370 

(22-8) , (8-13) , (13-12) , (16-11) 

1540 

(8-14) , (16-12) , (24-8) , (13-13) , (7-14) , 
(19-11) 


(8-16), (14-15) 

2260 

(14-16), (9-17) 

2840 

(16-18) 

3100 

(10-20) 

3500 

(11-21) | 
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TABLE 1-2 (Continued) 


Spike Frequency 
Experimental 

Theoretical Plate Resonance Modes (m-n) 

3700 

4300 

4600 

(8-22) 

(6-24) 

(1-25) , (3-25) 








CHAPTER IX 
SUMMARY 


In the present report the theoretical background has been given 
and the theory has bean developed for acoustic plane waves obliquely 
incident on a clamped panel in a rectangular duct. The coupling theory 
between the elastic vibrations of the panel (plate) and theobllque 
acoustic waves propagating in infinite space and in the duct have 
bean considered in detail. The coupling theory developed in this report 
is based on the theory of acoustic wave propagation and the dynamic 
theory of elasticity and the place vibrations. This theory has been 
applied for the experimental results of the Noise Reduction curves 
measured for oblique plates of 9 ■ 15°, 30°, 40°, 60°, which are 
discussed in detail. 

In Chapter I the basic general theoretical considerations are 
introduced . 

In Chapter II the partial differential equations which govern the 
propagation of acoustic waves in three dimensions are given, and some 
basic concepts of the theory of propagation of oblique acoustic waves 
are Introduced. 

In Chapter III the boundary value problem of an acoustic plane 
wave obliquely incident on an infinite plate Is solved rigorously, and 
the transmission and reflection coefficients of the corresponding 
oblique acoustic waves are found. 
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In Chapter XV the Transmission Lots coefficient end ehe Noise 

• 

Reduction coefficient for oblique Incidence on the Infinite plate ere 
defined and derived in detail. It ia found that the Nolae Reduction 
coefficient in this caae consist* of an average value, super lap os ed bp 
an oadllating component. The average Noise Reduction coefficient is 
defined and derived. The theoretical behavior of the above coefficients 
ia discussed. 

In Chapter V the boundary value problem of an acoustic plana 
wave obliquely incident on a finite damped panel is solved. The par- 
tial differential equation which governs the vibrations of the plat* 
(panel) is modified by adding to it stlffnesa (spring) forces and damping 
forces, and the fundamental resonance frequency is defined. The trans- 
mission and the reflection coefficients of the corresponding oblique 
acoustic waves are derived. 

In Chapter VI the Transmission Loss coefficient and the Noise 
Reduction coefficient are evaluated for the finite clamped oblique panel, 
using the results of the previous chapter. The average Noise Reduction 
coefficient is found for different cases. 

In Chapter VII the resonance frequencies excited by the free 
vibrations of the oblique finite clamped plate (panel) are derived. 

The reflection of the acoustic wave from the wooden back panel is dis- 
cussed and the corresponding resonance frequencies are found. The 
Noise Reduction coefficient and the average Noise Reduction coefficient 
are discussed in general, when the reflected oblique acoustic wave is 
reflected obliquely back and forth from the duct walls. 
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In Chapter VTII the experimental results srs discussed in detail 
in view of the theory presented In this report, and the corresponding 
numerical values era calculated from this theory. The following eepects 
of the experimental results for the oblique plates of e ■ 15°, 30°, 40°, 60° 
are discussed with reference to the theories previously presented 
in this report: 

A. The average Noise Reduction coefficient. 

B. The Noise Reduction coefficient. 

C. The Cavity Resonance. 

D. The Acoustic Resonance. 

R. The Wooden Back Panel Resonance. 

F. The Plate Resonance. 

The detailed features and the trends of the experimental curves In 
Figures S, 6, 7, 8 for 6 ■ 15° , 30°, 40°, 60° have been explained, 
and almost all the experimental resonance spikes have been identified, 
by using the above listed theoretical considerations, and the theoretical 
results agree very well with the experimental results. 
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APPENDIX A 


PLATE RESONANCE FREQUENCIES 

The place resonance frequencies are given in (154c) in the 

form: 


f plate . 7.3^53 [m 2 + n 2 - m 2 sin 2 e] (160) 

m,n 

where one can define: 

g ffl (9) - (m sin©) 2 ■ m 2 sin 2 0 (161) 

In the present appendix the calculated values of the plate resonance 
frequencies from (160) will be listed for the different plate modes 
(m-n) . 

Table J gives the calculated values of g m (3) from (161). Table K 

gives the calcul^ed values of the plate resonance frequencies from 

(160) for all the modes (m-n) . It is arranged by the order of the 

2 2 

increasing parameter (m + n ) . 
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TABLE J 

CALCULATED VALUES FOR EQUATION (161) 

2 2 2 

ggCd) * (a sine) • m sin d 


a 

0 • 15° 

6 - 30° 

6 - 40° 

e - 60° 

1 

0.0670 

0.2500 

0.4132 

0.7500 

2 

0.2680 

r * /> 0 ' 

1.6527 


3 

0.6030 

2.2500 

3.7186 

6.7500 

4 

1.0718 


6.6109 

12.0000 

5 

1.6747 

6.2500 

10.3295 

18.7500 

6 

2.4116 

9.0000 

14.8740 

27.0000 

7 

3.2824 

12.2500 

20.2458 

36.7500 

8 

4.2872 

16.0000 

26.4430 

48.0000 

9 

5.4260 

20.2500 

33.4675 

60.7500 

10 

6.6988 

25.0000 

41.3180 

75.0000 

11 

8.1055 

30.2500 

49.9947 

90.7500 

12 

9.6462 

36.0000 

59.4978 

108.0000 

13 

11.3209 

42.2500 

60.8272 

126.7500 

14 

13.1296 

49.0000 

80.9830 

147.0000 

15 

15.0722 

56.2500 

92.9653 

168.7500 

16 

17.1489 

64.0000 

105.7740 

192.0000 

17 

19.3594 

72.2500 

119.4087 

216.7500 

18 

21.7040 

81.0000 

133.8700 

243.0000 

19 

24.1826 

90.2500 

149.1576 

270.7500 

.20 

26.7951 

100.0000 

165.2720 

300.0000 

21 

29.5416 

110.2500 

182.2119 

330.7500 


104 










TABLE J (Continued) 


m 

0 - 15° 

6 - 30° 

0 - 40° 

0 - 60° 

22 

32.4220 

. 121.0000 

199.9800 

363.0000 

23 

‘35.4365 

132.2500 

218.5717 

396.7500 

24 

38.5850 

144.0000 

237.9900 

432.0000 

25 

41.8674 

156.2500 

258.2369 

468.7500 

26 

45.2837 

169.0000 

279.3100 

507.0000 

27 

48.8341 

182.2500 

301.2075 

546.7500 
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TABLE K 


THEORETICAL PLATE RESONANCE FREQUENCIES 



.plate 

m,n 

- 7.353 [m 

2 . 2 
+ n - 

2 2 
o sin 6] 



m*n 

2 2 
a -Ha 

9*0° 

8-15° 

0-30° 

<D 

■ 

•P* 

o 

o 

0-60° 

1-0 

1 

7.4 

6.9 

5.5 

4.3 

1.8 

0-1 

1 

7.4 

7.4 

7.4 

7.4 

7.4 

1-1 

2 

14.7 

14.2 

12.9 

11.7 

9.2 

2-0 

4 

29.4 

27.4 

22.1 

17.3 

7.4 

0-2 

4 

29.4 

29.4 

29.4 

29.4 

29.4 

2-1 

5 

36.8 

34.8 

29.4 

24.6 

14.7 

1-2 

5 

36.8 

36.3 

34.9 

33.7 

31.3 

2-2 

8 

58.8 

56.9 

51.5 

46.7 

36.8 

3-0 

9 

66.2 

61.7 

49.6 

38.8 

16.5 

0-3 

9 

66.2 

66.2 

66.2 

66.2 

66.2 

3-1 

10 

73.5 

69.1 

57.0 

46.2 

23.9 

1-3 

10 

73.5 

73.0 • 

71.7 

70.5 

68.0 

3-2 

13 

95.6 

91.2 

79.0 

68.2 

46.0 

2-3 

13 

95.6 

93.6 

88.2 

83.4 

73.5 

4-0 

16 

117.6 

109.8 

88.2 

69.0 

29.4 

0—4 

16 

117.6 

117.6 

117.6 

117.6 

117.6 

4-1 

17 

125.0 

117.1 

95.6 

76.4 

36.8 

1-4 

17 

125.0 

124.5 

123.2 

122.0 

119.5 

3-3 

18 

132.4 

127.9 

115.-8 

105.0 

82.7 

4-2 

20 

147.1 

139.2 

117.6 

98.5 

58.8 

2-4 

20 

147.1 

145.1 

139.7 

134.9 

125.0 

5-0 

25 

183.8 

171.5 

137.9 

107.9 

46.0 

4-3 

25 

183.8 

175.9 

154.4 

135.2 

95.6 

3-4 

25 

183.8 

179.4 

167.3 

156.5 

134.2 

0-5 

25 

183.8 

183.8 

183.8 

183.8 

183.8 

5-1 

26 

191.2 

178.9 

145.2 

115.2 

53.3 

1-5 

26 

191.2 

190.7 

189.3 

188.1 

185.7 

5-2 

29 

213.2 

200.9 

167.3 

137.3 

75.4 

2-5 

29 

213.2 

211.3 

205.9 

201.1 

191.2 



TABLE K (CONTINUED) 


m-n 

* 2 4* 2 

a > 

■ 

o 

o 

9 - 15 ° 

0 - 30 ° 

0 - 40 ° 

0 - 60 ° 

4-4 

32 

235.3 

227.4 

205.9 

186.7 

147.1 

5-3 

34 

250.0 

237.7 

204.0 

174.0 

112.1 

3-5 

34 

250.0 

245.6 

233.5 

222.7 

200.4 

6-0 

36 

264.7 

247.0 

198.5 

155.3 

66.2 

0-6 

36 

264.7 

264.7 

264.7 

264.7 

264.7 

6-1 

37 

272.1 

254.3 

205.9 

162.7 

73.5 

1-6 

37 

272.1 

271.6 

270.2 

269.0 

266.5 

6-2 

40 

294.1 

276.4 

227.9 

184.8 

95.6 

2-6 

40 

294.1 

292.1 

286.8 

282.0 

272.1 

5-4 

41 

301.5 

289.2 

255.5 

225.5 

163.6 

4-5 

41 

301.5 

293.6 

272.1 

252.9 

213.2 

6-3 

45 

330.9 

313.2 

264.7 

221.5 

132.4 

3-6 

45 

330.9 

326.5 

314.3 

303.5 

281.3 

7-0 

49 

360.3 

336.2 

270.2 

211.4 

90.1 

0-7 

49 

360.3 

360.3 

360.3 

360.3 

360.3 

7-1 

50 

367.7 

343.5 

277.6 

218.8 

97.4 

5-5 

50 

367.7 

355.3 

321.7 

291.7 

229.8 

1-7 

50 

367.7 

367.2 

365.8 

364.6 

362.1 

6-4 

52 

382.4 

364.6 

316.2 

273.0 

183.8 

4-6 

52 

382.4 

374.5 

352.9 

333.8 

294.1 

7-2 

53 

389.7 

365.6 

299.6 

240.8 

119.5 

2-7 

53 

389.7 

387.7 

382.4 

377.6 

367.7 

7-3 

58 

426.5 

402.3 

336.4 

277.6 

156.3 

3-7 

58 

426.5 

422.0 

409.9 

399.1 

376.8 

6-5 

61 

448.5 

430.8 

382.4 

339.2 

250.0 

5-6 

61 

448.5 

436.2 

402.5 

372.6 

310.7 

8-0 

64 

470.6 

439.1 

352.9 

276.2 

117.6 

0-8 

64 

470.6 

470.6 

470.6 

470.6 

470.6 

8-1 

65 

477.9 

446.4 

360.3 

283.5 

125.0 

7-4 

65 

477.9 

453.8 

387.9 

329.1 

207.7 
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TABLE K (CONTINUED) 


m-n 

2 2 
o+o 

0 - 0 ° 

0 - 15 ° 

0 - 30 ° 

0 - 40 ° 

0 - 60 ° 

4-7 

65 

477.9 

470.1 

448.5 

429.3 

389.7 

1-8 

65 

477.9 

477.5 

476.1 

474.9 

472.4 

8-2 

68 

500.0 

468.5 

382.4 

305.6 

147.1 

2-8 

68 

500.0 

498.0 

492.7 

487.9 

477.9 

6-6 

72 

529.4 

511.7 

463.2 

420.0 

330.9 

8-3 

73 

536.8 

505.2 

419.1 

342.3 

183.8 

3-8 

73 

536.8 

532.3 

520.2 

509.4 

487.1 

7-5 

74 

544.1 

520.0 

454.0 

395.3 

273.9 

5-7 

74 

544.1 

531.8 

498.2 

468.2 

406.3 

8-4 

80 

588.2 

556.7 

470.6 

393.8 

235.3 

4-8 

80 

588.2 

580.4 

558.8 

539.6 

500.0 

9-0 

81 

595.6 

555.7 

446.7 

349.5 

148.9 

0-9 

81 

595.6 

595.6 

595.6 

595.6 

595.6 

9-1 

82 

602.9 

563.0 

454.0 

356.9 

156.3 

1-9 

82 

602.9 

602.5 

601.1 

599.9 

597.4 

9-2 

85 

625.0 

585.1 

476.1 

378.9 

178.3 

7-6 

85 

625.0 

600.9 

534.9 

476.1 

354.8 

6-7 

85 

625.0 

607.3 

558.8 

515.6 

426.5 

2-9 

85 

625.0 

623.0 

617.7 

612.9 

602.9 

8-5 

89 

654.4 

622.9 

536.8 

460.0 

301.5 

5-8 

89 

654.4 

642.1 

608.5 

578.5 

516.5 

9-3 

90 

661.8 

621.9 

512.9 

415.7 

215.1 

3-9 

90 

661.8 

657.3 

645.2 

634.4 

612.1 

9-4 

97 

713.2 

673.3 

564.3 

467.2 

266.5 

4-9 

97 

713.2 

705.4 

683.8 

664.6 

625.0 

7-7 

98 

720.6 

696.5 

630.5 

571.7 

450.4 

10-0 

100 

735.3 

686.0 

551.5 

431.5 

183.8 

8-6 

100 

735.3 

703.8 

617.7 

540.9 

382.4 

6-8 

100 

735.3 

717.6 

669.1 

625.9 

536.8 

0-10 

100 

735.3 

735.3 

735.3 

735.3 

735.3 








TABLE K (CONTINUED) 


a 2 +n 2 




9-0° 9-15° 


1007.4 


1066.2 1026.3 


1242.7 

1242.7 

1250.0 

1250.0 

1250.0 

1250.0 


1230.3 

1242.7 

1166.8 

1190.4 

1225.9 

1249.5 


58.8 

919.1 

21.3 

264.7 

'58.8 

1058.8 

28.7 

272.1 


1066.2 

1065.7 

1064.3 

1063.1 

1060.7 

1073.5 

1013.9 

851.1 

705.9 

406.3 

1073.5 

1061.2 

1027.6 

997.6 

935.7 

1088.2 

1017.3 

323.3 

650.7 

294.1 

1088.2 

1086.3 

1080.9 

1076.1 

1066.2 

1095.6 

1046.3 

911.8 

791.8 

544.1 

1095.6 

1071.5 

1005.5 

946.7 

825.4 

1125.0 

1054.1 

860.3 

687.5 

330.9 

1125.0 

1120.6 

1108.5 

1097.7 

1075.4 

1154.4 

1094.8 

932.0 

786.8 

487.1 

1154.4 

1136.7 

1088.2 

1045.1 

955.9 

1176.5 

1105.6 

911.8 

739.0 

382.4 

1176.5 

1168.6 

1147.1 

1127.9 

1088.2 

1191.2 

1151.3 

1042.3 

945.1 

744.5 

1205.9 

1156.6 

1022.1 

902.1 

654.4 

1205.9 

1174.4 

1088.2 

1011.5 

852.9 

1242.7 

1159.4 

932.0 

729.2 

310.7 

1242.7 

1171.7 

977.9 

805.2 

448.5 


1196.7 

1242.7 

939.3 

1027.6 

1139.9 

1248.2 


1166.7 

1242.7 
736.6 

882.4 

1101.1 

1247.0 


1104. a 

1242.7 
318. C 

582.7 
979.3 
1244.5 


( [ 







TABLE K (CONTINUED) 


o-n 

mW 

6 - 0 ° 

0 - 15 ° 

0 - 30 ° 

0 - 40 ° 

0 - 60 ° 

13-2 

173 

1272.1 

1188.8 

961.4 

758.6 

340.1 

2-13 

173 

1272.1 

1270.1 

1264.7 

1259.9 

1250.0 

13-3 

178 

1308.8 

1225.6 

998.2 

795.4 

376.8 

3-13 

178 

1308.8 

1304.4 

1292.3 

1281.5 

1259.2 

12-6 

180 

1323.5 

1252.6 

1058.8 

886.0 

529.4 

6-12 

180 

1323.5 

1305.8 

1257.4 

1214.2 

1125.0 

10-9 

181 

1330.9 

1281.6 

1147.1 

1027.1 

779.4 

9-10 

181 

1330.9 

1291.0 

1182.0 

1084.8 

884.2 

13-4 

185 

1360.3 

1277.1 

1049.6 

846.8 

428.3 

11-8 

185 

1360.3 

1300.7 

1137.9 

992.7 

693.0 

8-11 

185 

1360.3 

1328.8 

1242.7 

1165.9 

1007.4 

4-13 

185 

1360.3 

1352.4 

1330.9 

1311.7 

1272.1 

12-7 

193 

1419.1 

1348.2 

1154.4 

981.6 

625.0 

7-12 

193 

1419.1 

1395.0 

1329.1 

1270.3 

1148.9 

13-5 

194 

1426.5 

1343.2 

1115.8 

913.0 

494.5 

5-13 

194 

1426.5 

1414.2 

1380.5 

1350.5 

1288.6 

14-0 

196 

1441.2 

1344.6 

1080.9 

845.7 

360.3 

0-14 

196 

1441.2 

1441.2 

1441.2 

1441.2 

1441.2 

14-1 

197 

1448.5 

1352.0 

1088.2 

853.1 

367.7 

1-14 

197 

1448.5 

1448.0 

1446.7 

1445.5 

1443.0 

14-2 

200 

1470.6 

1374.1 

1110.3 

875.1 

389.7 

10-10 

200 

1470.6 

1421.3 

1286.8 

1166.8 

919.1 

2-14 

200 

1470.6 

1468.6 

1463.2 

1458.4 

1448.5 

11-9 

202 

1485.3 

1425.7 

1262.9 

1117.7 

818.0 

9-11 

202 

1485.3 

1445.4 

1336.4 

1239.2 

1038.6 

14-3 

205 

1507.4 

1410.8 

1147.1 

911.9 

426.5 

13-6 

205 

1507.4 

1424.1 

1196.7 

993.9 

575.4 

6-13 

205 

1507.4 

1489.6 

1441.2 

1398.0 

1308.8 

3-14 

205 

1507.4 

1502.9 

1490.8 

1480.0 

1457.7 

12-8 

208 

1529.4 

1458.5 

1264.7 

1091.9 

735.3 

8-12 

208 

1529.4 

1497.9 

1411.8 

1335.0 

1176.48 
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TABLE K (CONTINUED) 


o-n 

,W 

9 - 0 ° 

0 - 15 ° 

0 - 30 ° 

9 - 40 ° 

0 - 60 ° 

14-4 

212 

1558.8 

1462.3 

1198.5 

963.4 

477.9 

4-14 

212 

1558.8 

1551.0 

1529.4 

1510.2 

1470.6 

13-7 

218 

1603.0 

1519.7 

1292.3 

1089.5 

671.0 

7-13 

218 

1603.0 

1578.8 

1512.9 

1454.1 

1332.7 

14-5 

221 

1625.0 

1528.5 

1264.7 

1029.5 

544.1 

11-10 

221 

1625.0 

1565.4 

1402.6 

1257.4 

957.7 

10-11 

221 

1625.0 

1575.7 

1441.2 

1321.2 

1073.5 

5-14 

221 

1625.0 

1612.7 

1579.1 

1549.1 

1487.1 

15-0 

225 

1654.4 

1543.6 

1240.8 

970.9 

413.6 

12-9 

225 

1654.4 

1583.5 

1389.7 

1216.9 

860.3 

9-12 

225 

1654.4 

1614.5 

1505.5 

1408.3 

1207.7 

0-15 

225 

1654.4 

1654.4 

1654.4 

1654.4 

1654.4 

15-1 

226 

1661.8 

1551.0 

1248.2 

978.2 

421.0 

1-15 

226 

1661.8 

1661.3 

1659.9 

1658.7 

1656.3 

15-2 

229 

1683.8 

1573.0 

1270.2 

1000.3 

443.0 

2-15 

229 

1683.8 

1681.9 

1676.5 

1671.7 

1661.8 

14-6 

232 

1705.9 

1609.4 

1345.6 

1110.4 

625.0 

6-14 

232 

1705.9 

1688.2 

1639.7 

1596.5 

1507.4 

13-8 

233 

1713.2 

1630.0 

1402.6 

1199.8 

781.3 

8-13 

233 

1713.2 

1681.7 

1595.6 

1518.8 

1360.3 

15-3 

234 

1720.6 

1609.8 

1307.0 

1037.0 

479.8 

3-15 

234 

1720.6 

1716.2 

1704.1 

1693.3 

1671.0 

15-4 

241 

1772.1 

1661.2 

1358.5 

1088.5 

531.3 

4-15 

241 

1772.1 

1764.2 

1742.7 

1723.5 

1683.8 

11-11 

242 

1779.4 

1719.8 

1557.0 

1411.8 

1112.1 

12-10 

244 

1794.1 

1723.2 

1529.4 

1356.6 

1000.0 

10-12 

244 

1794.1 

1744.9 

1610.3 

1490.3 

1242.7 

14-7 

245 

1801.5 1 

1704.9 

1441.2 

1206.0 

720.6 

7-14 

245 

1801.5 

1777.3 

1711.4 

1652.6 

1531.3 

15-5 

250 

1838.3 

1727.4 

1424.6 

1154.7 

597.4 

13-9 

250 

1838.3 

1755.0 

1527.6 

1324.8 

906.3 





TABLE K (CONTINUED) 


*n 

•V 

0-0° 

0 - 15 ° 

0 - 30 ° 

0 - 40 ° 

0 - 60 ° 

9-13 

250 

1838.3 

1798.4 

1689.4 



3-15 

250 

1838.3 

1825.9 

1792.3 



16-0 

256 

1882.4 

1756.3 

1411.8 

1104.6 

470.6 

0-16 

256 

1882.4 

1882.4 

1882.4 

1882.4 

1882.4 

16-1 

257 

1889.7 

1763.6 

1419.1 

1112.0 

477.9 

1-16 

257 

1889.7 

1889.2 

1887.9 

1886.7 

1884.2 

16-2 

260 

1911.8 

1785.7 

1441.2 

1134.0 

500.0 

14-8 

260 

1911.8 

1815.2 

1551.5 

1316.3 

830.9 

8-14 

260 

1911.8 

1880.3 

1794.1 

1717.3 

1558.8 

2-16 

260 

1911.8 

1909.8 

1904.4 

1899.6 

1889.7 

15-6 

261 

1919.1 

1808.3 

1505.5 

1235.6 

678.3 

6-15 

261 

1919.1 

1901.4 

1853.0 

1809.8 

1720.6 

16-3 

265 

1948.5 

1822.4 

1478.0 

1170.8 

536.8 

12-11 

265 

1948.5 

1877.6 

1683.8 

1511.0 

1154.4 

11-12 

265 

1948.5 

1888.9 

1726.1 

1580.9 

1281.3 

3-16 

265 

1948.5 

1944.1 

1932.0 

1921.2 

1898.9 

13-10 

269 

1978.0 

1894.7 

1667.3 

1464.5 

1046.0 

10-13 

269 

1978.0 

1928.7 

1794.1 

1674.1 

1426.5 

16-4 

272 

2000.0 

1873.9 

1529.4 

1222.3 

588.2 

4-16 

272 

2000.0 

1992.1 

1970.6 

1951.4 

1911.8 

15-7 

274 

2014.7 

1903.9 

1601.1 

1331.2 

773.9 

7-15 

274 

2014.7 

1990.6 

1924.6 

1865.9 

1744.5 

14-9 

277 

2036.8 

1940.2 

1676.5 

1441.3 

955.9 

9-14 

277 

2036.8 

1996.9 

1887.9 

1790.7 

1590.1 

16-5 

281 

2066.2 

1940.1 

1595.6 

1288.5 

654.4 

5-16 

281 

2066.2 

2053.9 

2020.2 

1990.2 

1928.3 

12-12 

288 

2117.7 

2046.7 

1853.0 

1680.2 

1323.5 

15-8 

289 

2125.0 

2014.2 

1711.4 

1441.4 

884.2 

8-15 

289 

2125.0 

2093.5 

2007.4 

1930.6 

1772.1 

17-1 

290 

2132.4 

1990.0 

1601.1 

1254.3 

538.6 

13-11 

290 

2132.4 

2049.1 

1321.7 

1618.9 

1200.4 





tabu k (continued) 


-n 

nW 

■Si 

8 - 15 ° 

0 - 30 ° 

9 - 40 ° 

6 - 60 ° 

11-13 

290 

2132.4 

2072.8 

1909.9 

1764.7 

1465.1 

1-17 

290 

2132.4 

2131.9 

2130.5 

2129.3 

2126.9 

16-6 

292 

2147.1 

2021.0 

1676.5 

1369.3 

735.3 

6-16 

292 

2147.1 

2129.3 

2080.9 

2037.7 

1948.5 

14-10 

296 

2176.5 

2079.9 

1816.2 

1581.0 

1905.6 

10-14 

296 

2176.5 

2127.2 

1992.7 

1872.7 

1625.0 

17-3 

298 

2191.2 

2048.8 

1659.9 

1313.2 

597.4 

3-17 

298 

2191.2 

2186.8 

2174.6 

2163.8 

2141.6 

16-7 

305 

2242.7 

2116.6 

1772.1 

1464.9 

830.9 

7-16 

305 

2242.7 

2218.5 

2152.6 

2093.8 

1972.4 

15-9 

306 

2250.0 

2139.2 

1836.4 

1566.4 

1009.2 

9-15 

306 

2250.0 

2210.1 

2101.1 

2003.9 

1803.3 

13-12 

313 

2301.5 

2218.2 

1990.8 

1788.1 

1369.5 

12-13 

313 

2301.5 

2230.6 

2036.8 

1864.0 

1507.4 

17-5 

314 

2308.8 

2166.5 

1777.6 

1430.8 

715.1 

5-17 

314 

2308.8 

2296.5 

2262.9 

2232.9 

2171.0 

14-11 

317 

2330.9 

2234.4 

1970.6 

1735.4 

1250.0 

11-14 

317 

2330.9 

2271.3 

2108.5 

1963.3 

1663.6 

16-8 

320 

2353.0 

2226.9 

1882.4 

1575.2 

941.2 

8-16 

320 

2353.0 

2321.4 

2235.3 

2158.5 

2000.0 

18-0 

324 

2382.4 

2222.8 

1786.8 

1398.0 

595.6 

0-18 

324 

2382.4 

2382.4 

2382.4 

2382.4 

2382.4 

15-10 

325 

2389.7 

2278.9 

1976.1 

1706.2 

1148.9 

10-15 

325 

2389.7 

2340.5 

2205.9 

2085.9 

1838.3 

18-2 

328 

2411.8 

2252.2 

1816.2 

1427.4 

625.0 

2-18 

328 

2411.8 

2409.8 

2404.4 

2399.6 

2389.7 

16-9 

337 

2478.0 

2351.9 

2007.4 

1700.2 

1066.2 

9-16 

337 

2478.0 

2438.1 

2329.1 

2231.9 

2031.3 

17-7 

338 

2485.3 

2343.0 

1954.1 

1607.3 

891.6 

13-13 

338 

2485.3 

2402.1 

2174.6 

1971.9 

1553.3 
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TAILS K ( CO NTIWTED) 


B-n 

2 2 
a+n 

6 - 0 ° 

8 - 15 ° 

8 « 30 ° 

6 - 40 ° 

6 - 60 ° 

7-17 

338 

2485.3 

2461.2 

2395.2 

2336.4 

2215.1 

18-4 

340 

2500.0 

2340.5 

1904.4 

1515.7 

713.2 

14-12 

340 

2500.0 

2403.5 

2139.7 

1904.6 

1419.1 

12-14 

340 

2500.0 

2429.1 

2235.3 

2062.5 

1705.9 

4-18 

340 

2500.0 

2492.1 

2470.6 

2451.4 

2411.8 

15-11 

346 

2544.1 

2433.3 

2130.5 

1860.6 

1303.3 

11-15 

346 

2544.1 

2484.5 

2321.7 

2176.5 

1876.9 

16-10 

356 

2617.7 

2491.6 

2147.1 

1839.9 

1205.9 

10-16 

356 

2617.7 

2568.4 

2433.8 

2313.9 

2066.2 

18-6 

360 

2647.1 

2487.5 

2051.5 

1662.7 

860.3 

6-18 

360 

2647.1 

2629.3 

2580.9 

2537.7 

2448.5 

19-1 

362 

2661.8 

2484.0 

1998.2 

1565.0 

671.0 

1-19 

362 

2661.8 

2661.3 

2659.9 

2658.7 

2656.3 

14-13 

365 

2683.8 

2587.3 

2323.5 

2088.4 

1603.0 

1*-14 

365 

2683.8 

2600.6 

2373.2 

2170.4 

1751.9 

15-12 

369 

2713.3 

2602.4 

2299.7 

2029.7 

1472.4 

12-15 

369 

2713.3 

2642.3 

2448.5 

2275.8 

1919.1 

19-3 

370 

2720.6 

2542.8 

2057.0 

1623.8 

729.8 

17-9 

370 

2720.6 

2578.3 

2189.4 

1842.6 

1126.8 

9-17 

370 

2720.6 

2680.7 

2571.7 

2474.5 

2273.9 

3-19 

370 

2720.6 

2716.2 

2704.1 

2693.3 

2671.0 

16-11 

377 

2772.1 

2646.0 

2301.5 

1994.4 

1360.3 

11-16 

377 

2772.1 

2712.5 

2549.7 

2404.4 

2104.8 

19-5 

386 

2838.3 

2660.5 

2174.6 

1741.5 

847.4 

5-19 

386 

2838.3 

2825.9 

2792.3 

2762.3 

2700.4 

18-8 

388 

2853.0 

2693.4 

2257.4 

1868.6 

1066.2 

8-18 

388 

2853.0 

2821.4 

2735.3 

2658.5 

2500.0 

14-14 

392 

2882.4 

2785.8 

2522.1 

2286.9 

1801.5 

15-13 

394 

2897.1 

2786.3 

2483.5 

2213.5 

1656.3 

13-15 

394 

2897.1 

2813.8 

2586.4 

2383.6 

1965.1 
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TABLE K (CONTINUED) 


» 


8 - 0 ° 

8 - 15 ° 

EE9 

9 * 40 ° 

8 - 60 ° 

20-0 

400 

2941.2 

2744.1 

2205.9 

1726- 0 

735.3 

16-12 

400 

2941.2 

2815.1 

2470.6 

2163.4 

1529.4 

12-16 

400 

2941.2 

2870.3 

2676.4 

2503.7 

2147.1 

0-20 

400 

2941.2 

2941.2 

2941.2 

2941.2 

2941.2 

20-2 

404 

2970.6 

2773.6 

2235.3 

1755.4 

764.7 

2-20 

404 

2970.6 

2968.6 

2963.3 

2958.5 

2948.6 

19-7 

410 

3014.7 

2836.9 

2351.1 

1918.0 

1023.9 

17-11 

410 

3014.7 

2872.4 

2483.5 

2136.7 

1421.0 

11-17 

410 

3014.7 

2955.1 

2792.3 

2647.1 

2347.4 

7-19 

410 

3014.7 

2990.6 

2924.7 

2865.9 

2744.5 

20-4 

416 

3058.8 

2861.8 

2323.5 

1843.6 

852.9 

4-20 

416 

3058.8 

3051.0 

3029.4 

3010.2 

2970.6 

15-14 

421 

3095.6 

2984.8 

2682.0 

2412.0 

1854.8 

14-15 

421 

3095.6 

2999.1 

2735.3 

2500.1 

2014.7 

18-10 

424 

3117.7 

2958.1 

2522.1 

2133.3 

1330.9 

10-18 

424 

3117.7 

3068.4 

2933.8 

2813.9 

2566.2 

16-13 

425 

3125.0 

2998.9 

2654.4 

2347.3 

1713.2 

13-16 

425 

3125.0 

3041.8 

2814.4 

2611.6 

2193.0 

20-6 

436 

3205.9 

3008.8 

2470.6 

1990.7 

1000.0 

6-20 

436 

3205.9 

3188.3 

3139.7 

3096.5 

3007.4 

21-1 

442 

3250.0 

3032.8 

2439.4 

1910.3 

818.0 

19-9 

442 

3250.0 

3072.2 

2586.4 

2153.3 

1259.2 

9-19 

442 

3250.0 

3210.1 

3101.1 

3003.9 

2803.3 

1-21 

442 

3250.0 

3249.5 

3248.2 

3247.0 

3244.5 

21-3 

450 

3308.9 

3091.6 

2498.2 

1969.1 

876.8 

15-15 

450 

3308.9 

3198.0 

2895.2 

2625.3 

2068.0 

3-21 

450 

3308.9 

3304.4 

3292.3 

3281.5 

3259.2 

16-14 

452 

3323.6 

3197.5 

2853.0 

2545.8 

1911.8 

14-16 

452 

3323.6 

3227.0 

2963.3 

2728.1 

2242.7 

17-13 

458 

3367.7 

3225.3 

2836.4 

2489.7 

1773.9 

13-17 

458 

3367.7 

3284.4 

3057.0 

2854.2 

2435.7 




TABLE K (CONTINUED) 


m-n 

»W 

o 

? 

< r > 

0 - 15 ° 

0 - 30 ° 

0 * 40 ° 

0 - 60 ° 

20-8 

464 

3411.8 

3214.7 

2676.4 

2196.5 

1205.9 

8-20 

464 

3411.8 

3380.3 

3294.1 

3217.4 

3058.8 

21-5 

466 

3426.5 

3209.3 

2615.8 

2086.8 

994.5 

5-21 

466 

3426.5 

3414.2 

3380.5 

3350.5 

3288.6 

18-12 

468 

3441.2 

3281.6 

2845.6 

2456.9 

1654.4 

12-18 

468 

3441.2 

3370.3 

3176.5 

3003.7 

2647.1 

16-15 

481 

3536.8 

3410.7 

3066.2 

2759.1 

2125.0 

15-16 

481 

3536.8 

3426.0 

3123.2 

2853.2 

2296.0 

19-11 

482 

3544.1 

3366.4 

2880.5 

2447.4 

1553.3 

11-19 

482 

3544.1 

3484.5 

3321.7 

3176.5 

2876.9 

22-0 

484 

3558.9 

3320.6 

2669.1 

2088.3 

889.7 

0-22 

484 

3558.9 

3558.9 

3558.9 

3558.9 

3558.8 

22-2 

488 

3588.3 

3350.0 

2698.6 

2117.7 

919.1 

2-22 

488 

3588.3 

3586.3 

3580.9 

3576.1 

3566.2 

21-7 

490 

3603.0 

3385.8 

2792.3 

2263.3 

1171.0 

7-21 

490 

3603.0 

3578.8 

3512.9 

3454.1 

3332.7 

22-4 

500 

3676.5 

3438.3 

2786.8 

2205.9 

1007.4 

20-10 

500 

3676.5 

3479.4 

2941.2 

2461.3 

1470.6 

10-20 

500 

3676.5 

3627.2 

3492.6 

3372.7 

3125.0 

4-22 

500 

3676.5 

3668.6 

3647.1 

3627.9 

3588.3 

16-16 

512 

3764.7 

3638.6 

3294.1 

2987.0 

2353.0 

17-15 

514 

3779.4 

3637.1 

3248.2 

2901.4 

2185.7 

15-17 

514 

3779.4 

3668.6 

3365.8 

3095.9 

2538.6 

22-6 

520 

3823.6 

3585.3 

2933.8 

2353.0 

1154.4 

18-14 

520 

3823.6 

3664.0 

3228.0 

2839.2 

2036.8 

14-18 

520 

3823.6 

3727.0 

3463.3 

3228.1 

2742.7 

6-22 

520 

3823.6 

3805.9 

3757.4 

3714.2 

3625.0 

21-9 

522 

3838.3 

3621.0 

3027.6 

2498.5 

1406.3 

9-21 

522 

3838.3 

3798.4 

3689.4 

3592.2 

3391.6 

23-1 

530 

3897.1 

3636.5 

2924.7 

2289.9 

979.8 
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TABLE K (CONTINUED) 


m-n 

•V 

8 - 0 ° 

8 - 15 ° 

8 - 30 ° 

8 - 40 ° 

8 - 60 ° 

19-13 

530 

3897.1 

3719.3 

3233.5 

2800.3 

1906.3 

13-19 

530 

3897.1 

3813.8 

3586.4 

3383.7 

2965.1 

1-23 

530 

3897.1 

3896.6 

3895.3 

3894.1 

3891.6 

23-3 

538 

3955.9 

3695.3 

2983.5 

2348.8 

1038.6 

3-23 

538 

3955.9 

3951.5 

3939.4 

3928.6 

3906.3 

20-12 

544 

4000.0 

3803.0 

3264.7 

2784.8 

1794.1 

12-20 

544 

4000.0 

3929.1 

3735.3 

3562.5 

3205.9 

22-8 

548 

4029.4 

3791.2 

3139.7 

2558.8 

1360.3 

8-22 

548 

4029.4 

3997.9 

3911.8 

3835.0 

3676.5 

23-5 

554 

4073.6 

3813.0 

3101.1 

2466.4 

1156.3 

5-23 

554 

4073.6 

4061.2 

4027.6 

3997.6 

3935.7 

21-11 

562 

4132.4 

3915.2 

3321.7 

2792.7 

1700.4 

11-21 

562 

4132.4 

4072.8 

3910.0 

3764.7 

3465.1 

24-0 

576 

4235.3 

3951.6 

3176.5 

2485.3 

1058.8 

0-24 

576 

4235.3 

4235.3 

4235.3 

4235.3 

4235.3 

23-7 

578 

4250.0 

3989.5 

3277.6 

2642.9 

1332.7 

17-17 

578 

4250.0 

4107.7 

3718.8 

3372.0 

2656.3 

7-23 

578 

4250.0 

4225.9 

4160.0 

4101.2 

3979.8 

24-2 

580 

4264.7 

3981.0 

3205.9 

2514.7 

1088.2 

18-16 

580 

4264.7 

4105.2 

3669.1 

3280.4 

2478.0 

16-18 

580 

4264.7 

4138.6 

3794.1 

3487.0 

2853.0 

2-24 

580 

4264.7 

4262.7 

4257.4 

4252.6 

4242.7 

22-10 

584 

4294.2 

4055.8 

3404.4 

2823.6 

1625.0 

10-22 

584 

4294.2 

4244.9 

4110.3 

3990.3 

3742.7 

19-15 

586 

4308.9 

4131.1 

3645.2 

3212.1 

2318.0 

15-19 

586 

4308.9 

4198.0 

3895.3 

3625.3 

3068.0 

24-4 

592 

4353.0 

4069.3 

3294.1 

2603.0 

1176.5 

4-24 

592 

4353.0 

4345.1 

4323.6 

4304.4 

4264.7 

20-14 

596 

4382.4 

4185.3 

3647.1 

3167.1 

2176.5 

14-20 

596 

4382.4 

4285.8 

4022.1 

3786.9 

3301.5 





TABLE K (CONTINUED) 


a-n 

m^+n^ 

8-0° 

6-15° 

9-30° 

o 

0 
'i- 

1 

CO 

9-60° 

23-9 

610 

4485.3- 

4224.8 

3512.9 

2878.2 

1568.0 

21-13 

610 

4485.3 

4268.1 

3674.7 

3145.6 

2053.3 

13-21 

610 

4485.3 

4402.1 

4174.7 

3971.9 

3553.3 

9-23 

610 

4485.3 

4445.4 

4336.4 

4239.2 

4038.6 

24-6 

612 

4500.0 

4216.3 

3441.2 

2750.0 

1323.5 

6-24 

612 

4500.0 

4482.3 

4433.9 

4390.7 

4301.5 

25-1 

626 

4603.0 

4295.1 

3454.1 

2704.1 

1156.3 

1-25 

626 

4603.0 

4602.5 

4601.1 

4599.9 

4597.5 

22-12 

628 

4617.7 

4379.3 

3728.0 

3147.1 

1948.5 

12-22 

628 

4617.7 

4546.8 

4353.0 

4180.2 

3823.6 

25-3 

634 

4661.8 

4354.0 

3512.9 

2763.0 

1215.1 

3-25 

634 

4661.8 

4657.4 

4645.3 

4634.4 

4612.2 

24-8 

640 

4705.9 

4422.2 

3647.1 

2955.9 

1529.4 

8-24 

640 

4705.9 

4674.4 

4588.3 

4511.5 

4353.0 

18-18 

648 

4764.7 

4605.2 

4169.2 

3780.4 

2978.0 

25-5 

650 

4779.5 

4471.6 

3630.5 

2880.6 

1332.7 

23-11 

650 

4779.5 

4518.9 

3807.0 

3172.3 

1862.1 

19-17 

650 

4779.5 

4601.7 

4115.8 

3682.7 

2788.6 

17-19 

650 

4779.5 

4637.1 

4248.2 

3901.5 

3185.7 

11-23 

650 

4779.5 

4719.9 

4557.0 

4411.8 

4112.2 

5-25 

650 

4779.5 

4767.1 

4733.5 

4703.5 

4641.6 

20-16 

656 

4823.6 

4626.5 

4088.3 

3608.3 

2617.7 

16-20 

656 

4823.6 

4697.5 

4353.0 

4045.8 

3411.8 

21-15 

666 

4897.1 

4679.9 

4086.4 

3557.4 

2465.1 

15-21 

666 

4897.1 

4786.3 

4483.5 

4213.5 

3656.3 

25-7 

674 

4955.9 

4648.1 

3807.0 

3057.1 

1509.2 

7-25 

674 

4955.9 

4931.8 

4865.8 

4807.1 

4685.7 

26-0 

676 

4970.6 

4637.7 

3728.0 

2916.9 

1242.7 

24-10 

676 

4970.6 

4686.9 

3911.8 

3220.6 

1794.1 
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TABLE K (CONCLUDED) 


m-n 

nW 

6-0° 

8-15° 

8-30° 

9-40° 

8-60° 

10-24 

676 

4970.6 

4921.4 

4786.8 

4666.8 

4419.2 

0-26 

676 

4970.6 

4970.6 

4970.6 

4970.6 

4970.6 

26-2 

680 

5000.0 

4667.1 

3757.4 

2946.3 

1272.1 

22-14 

680 

5000.0 

4761.6 

4110.3 

3529.4 

2330.9 

14-22 

680 

5000.0 

4903.5 

4639.7 

4404.6 

3919.1 

2-26 

680 

5000.0 

4998.1 

4992.7 

4987.9 

4948.6 
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FIGURE 1 

Geometrical Configuration for Oblique Incidence 
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FIGURE J 

Top Views of the Special Test Sections 
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5 ? 5 8 *3 2 

ep — Noi-icnciay bsion 

figure s - e^iy 

Experimental and Theoretical Noise Reduction Characteristics 
of a .025 Inch Thick Aluminum I’anel Under 15° Angle of 
Sound Incidence. 
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FREQUENCY 
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8 K 5 R i, S 

6P NOIlOnasy 3SI0N 

figur e 7 - e=*/o 


Expcriraent.il and Theoretical Noise Reduction Characteristics 
of a .025 Inch Thick. Aluminum Panel Under 40° An>;le of 
Sound Incidence. 
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bp — NoiiDnasa 3 sion 

FIGURE 8 - e=60° 

Experimental and Theoretical Noise Reduction Characteristics 
of a .025 Inch Thick Aluminum Panel Under 60° Angle of 
Sound Incidence. 
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figure 9 


The Acoustic p .avs 





